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ABSTRACT 

The  objective  of  this  program  is  to  experimentally  investigate  the  flow  and  thermal  structures 
in  transitional  boundary  layers  with  both  favorable  and  adverse  pressure  gradients  at  elevated 
free-stream  turbulence  (FSTI  between  3%  to  7%).  The  experiments  were  performed  in  a  low- 
speed,  open-circuit,  blowing  type  wind  tunnel.  A  uniformly  heated  wall  was  used  as  the  test 
surface.  The  experimental  parameters  (FSTI,  roughness,  and  streamwise  pressure  gradients)  were 
then  systematically  varied  to  study  their  individual  and  combined  effects  on  the  thermal  and 
flow  structures  in  the  laminar-turbulent  transition  process.  A  specially  designed  miniature 
three-wire  probe  was  used  to  measure  the  flow  and  thermal  structures  in  the  boundary  layer 
including  the  Reynolds  stresses,  Reynolds  heat  fluxes,  turbulent  Prandtl  numbers,  eddy 
diffusivities,  and  turbulent  thermal  diffusivities  within  the  transitional  and  turbulent  boundary 
layers.  Conditional  sampling  techniques  were  applied  to  investigate  the  intermittent  thermal  and 
flow  behaviors  in  the  transitional  boundary  layers.  Spectral  analysis  was  conducted.  The  primary 
conclusions  from  each  part  of  the  investigation  are  summarized  in  this  report.  Corresponding 
papers  are  attached  for  detailed  information. 

OBJECTIVE 

The  objective  of  this  program  is  to  experimentally  investigate  the  flow  and  thermal 
structures  in  transitional  boundary  layers  with  both  favorable  and  adverse  pressure  gradients  at 
elevated  free-stream  turbulence  (between  3%  to  7%).  This  program  focuses  on  the  mechanisms 
of  fluid  dynamics  and  their  relation  to  thermal  transport  in  bypass  transition,  which  is  different 
from  conventional  studies  in  natural  transition. 

The  results  of  this  program  are  expected  to  be  useful  for  improving  modeling  of  laminar- 
turbulent  transitional  flow  and  heat  transfer.  The  ultimate  impact  is  to  improve  the  prediction  of 


heat  transfer  on  gas  turbine  blades  and  vanes  such  that  the  thermal  performance  of  future 
aeroengines  can  be  augmented,  the  reliability  of  hot-section  components  can  be  improved,  and 
maintenance  can  be  reduced. 


APPROACH 


The  experiments  were  conducted  in  an  open-circuit,  blowing  type  wind  tunnel.  The  test 
section  had  an  aspect  ratio  of  six,  so  the  flow  can  remain  two  dimensional  in  the  centerspan.  A 

•  pliable  heated  test  wall  was  designed  with  1 80  thermocouples.  Various  hot  wire  sensors  were 
designed  to  measure  Reynolds  stresses,  Reynolds  heat  fluxes,  Turbulent  Prandtl  numbers,  and 
vorticities.  Coarse  grids  were  used  to  generate  various  levels  of  free-stream  turbulence  intensities 
(FSTI)  up  to  7  %.  One  test  wall  was  used  to  control  the  pressure  gradients  inside  the  test  section. 
The  baseline  case  was  first  conducted  with  zero  pressure  gradient  and  at  low  FSTI  condition.  The 

•  experimental  parameters  (FSTI,  roughness,  and  streamwise  pressure  gradients)  were  then 
systematically  varied  to  study  their  individual  and  combined  effects  on  the  thermal  and  flow 
structures  in  the  laminar-turbulent  transition  process.  Conditional  sampling  techniques  were 
applied  to  investigate  the  intermittent  thermal  and  flow  behaviors  in  the  transitional  boundary 
layers.  This  systematic  approach  is  summarized  below. 

• 

Subjects  Paper  Reference  No. 


Baseline  cases 

Elevated  free-stream  turbulence  intensity  (FSTI) 

Favorable  pressure  gradient 

Combined  FSTI  and  favorable  pressure  gradient 

Spectral  analysis  of  transitional  flow 

Development  of  a  conditional  sampling  technique 

Conditionally  sampled  accelerating  flow 

New  conditional  sampling  technique  for  high  FSTI  flow 

Adverse  pressure  gradient  (attached  flow) 

Surface  roughness 


1 

2 

3 

4 

5 

6 

7,8 

9 

10,11 

12 


The  results  of  data  taken  through  the  upgraded  equipment  are  beneficial  to  the  users  in  the 
following  aspects: 


Onset  and  end  of  transition  in  terms  of  Rex,  Res*,  and  Ree  under  various  free-stream 
turbulence  levels. 


b. 


Turbulent  spot  production  rates. 


c.  Intermittency  distributions  in  the  boundary  layer  and  in  the  streamwise  direction. 


d. 


Conditionally-sampled  flow  and  thermal  structures  from  the  non-turbulent  and  turbulent 
portions  of  the  transitional  flow.  This  includes  mean  velocity,  mean  temperature, 

Reynolds  stresses  (u'2,  v'2,  and  uv)  and  Reynolds  heat  fluxes  (vt,ut). 
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e.  Experimental  values  for  turbulent  thermal  diffusivity,  eddy  diffusivity,  and  turbulent 
Prandtl  number  (Pr^)  in  the  transitional  and  turbulent  heated  boundary  layers  at  various 

pressure  gradients  and  free-stream  turbulence  levels. 

f.  Heat-transfer  coefficient  (Stanton  Number)  and  skin-friction  coefficient  (Cf)  in  the 
transition  region. 

g.  Spectral  information  for  both  power  spectrum  and  thermal  energy  spectrum  in 
transitional  flow  including  integral  and  dissipation  lengths. 


EXECUTIVE  SUMMARY 


The  flow  and  thermal  structures  of  a  two-dimensional  heated  boundary  layer  undergoing 
natural  or  bypass  transition  from  laminar  to  turbulent  flow  were  investigated  in  detail.  The 
experiments  were  performed  in  a  low-speed,  open-circuit,  blowing  type  wind  tunnel.  A 
uniformly  heated  wall  was  used  as  the  test  surface.  185  thermocouple  wires  were  embedded  in 
the  test  wall  for  measuring  wall  temperatures  and  Stanton  numbers.  A  specially  designed 
miniature  three-wire  probe  was  used  to  measure  the  flow  and  thermal  structures  in  the  boundary 
layer  including  the  Reynolds  stresses,  Reynolds  heat  fluxes,  turbulent  Prandtl  numbers,  eddy 
diffusivities,  and  turbulent  thermal  diffusivities  within  the  transitional  and  turbulent  boundary 
layers.  The  primary  conclusions  from  each  part  of  the  investigation  are  summarized  below. 

Summary  of  the  Baseline  Case 

The  baseline  case  with  low  FSTI  and  zero  pressure  gradient  on  a  smooth  surface  was 
conducted.  The  transition  onset  for  the  baseline  case  occurred  at  Rex  =  5.5  x  10^  (Ree  =  492) 
which  is  earlier  than  the  transition  onset  for  a  free-stream  turbulence  intensity  (FSTI)  value  of 
0.5%  predicted  from  correlations.  Apparently,  factors  other  than  FSTI  influence  transition  onset. 
Onset  of  transition  was  taken  as  the  point  of  minimum  skin  friction  (and/or  Stanton  number). 
Measurements  of  the  Reynolds  normal  stress  indicated  that  the  flow  in  the  transition  region  is 
much  less  isotropic  than  the  flow  in  a  fully  turbulent  boundary  layer.  The  Reynolds  shear  stress 

was  shown  to  be  generated  within  the  boundary  layer  (Y+  =  70  ~  100)  and  imposed  on  the  wall 
shear.  Mean  temperature  profiles  lagged  in  development  compared  to  the  mean  velocity  profiles 
and  the  values  of  the  Reynolds  analogy  factor,  2St/Cf,  in  the  late-transition  early-turbulent  region 
were  lower  than  the  1.2  value  known  to  apply  to  the  high-Reynolds-number  turbulent  flow. 
These  results  indicate  a  slower  response  of  heat  transport  in  this  region  compared  to  that  of 
momentum  transport. 

The  streamwise  gradients  of  the  streamwise  Reynolds  normal  stress,  d  u’2/  d  x  ,  and  the 
streamwise  Reynolds  heat  flux,  d  ut  /  3x,  were  shown  to  be  of  significant  magnitude  in  the 
transition  region  and  should  not  be  ignored  in  transitional  flow  models  when  computational 


methods  are  used.  The  profiles  of  Reynolds  cross-stream  heat  flux  showed  negative  values  in  the 
near  wall  region.  The  region  of  negative  vt  narrowed  as  the  flow  proceeded  downstream.  These 

negative  values  of  vt  in  a  flow  with  a  negative  mean  temperature  gradient  result  in  negative  eddy 
thermal  diffusivity  and  negative  Pr^,  which  are  not  physically  appropriate.  It  is  speculated  that 

the  negative  values  might  be  caused  by  the  size  of  the  sensor  and  the  three-dimensional  behavior 
of  transition.  The  difference  between  eddy  viscosity  and  eddy  thermal  diffusivity  distributions 
reflected  the  apparent  disparity  between  turbulent  momentum  and  thermal  transport  mechanisms 
in  the  transitional  boundary  layer. 

Summary  of  the  Streamwise  Accelerating  Cases 

Streamwise  acceleration  was  shown  to  delay  the  point  of  transition  onset  both  in  terms  of 
physical  distance,  x,  and  Reynolds  number  based  on  x.  The  transition  onset  momentum 
Reynolds  number,  Rees,  was  relatively  insensitive  to  acceleration.  In  general,  the  physical  length 

of  transition  increased  with  increasing  K  (  =  v  — ■).  This  was  supported  by  the  boundary  layer 

U  dx 

thickness  and  integral  parameters  which  indicated  that  an  increasing  favorable  pressure  gradient 
suppresses  boundary  layer  growth  and  development  through  the  transition  region.  The  Reynolds 

normal  stresses  were  suppressed  in  the  near-wall  region  (Y+  <  50)  relative  to  the  baseline  case  as 
K  increased.  This  was  believed  to  be  caused  by  a  thickening  of  the  viscous  sublayer  relative  to 
the  boundary  layer  thickness.  The  lag  that  was  observed  between  the  mean  temperature  profiles 
and  the  mean  velocity  profiles  for  the  baseline  case  became  more  pronounced  with  increasing  K. 
Comparison  of  the  evolution  of  RMS  temperature  fluctuations  to  the  evolution  of  Reynolds 
normal  stresses  indicated  a  lag  in  the  RMS  temperature  fluctuations.  This  supported  the 
observation  from  the  mean  temperature  and  velocity  profiles  that  the  thermal  transport  lags 
behind  the  momentum  transport  in  the  transition  region  and  that  the  effect  is  more  pronounced  as 
K  increases. 

Summary  of  the  Conditional  Sampling  Technique 

Nine  different  criterion  functions  were  investigated  for  conditional  sampling  technique. 
Criterion  functions  based  on  correlations  schemes  consistently  resulted  in  intermittency  values 
0.14  to  0.38  lower  in  the  outer  boundary  layer  region  (y/S*>  4.0)  than  the  values  found  from 
single  signal  schemes.  No  differences  were  found  using  the  temperature  based  criterion  function 
to  support  the  use  of  a  separate  thermal  intermittency  factor  in  accelerating  flows.  Inherent 
differences  were  shown  to  exist  between  each  criterion  function’s  turbulence  recognition 
capabilities.  Each  criterion  function  weights  different  areas  within  a  turbulent  spot.  As  a  result, 
different  criterion  functions  may  result  in  the  same  overall  intermittency  factor,  but  analysis  of 
the  turbulent  and  non-turbulent  portions  would  not  always  yield  the  same  result. 

A  criterion  function  based  on  Reynolds  stress,  ( d  uv/  dt)2,  resulted  in  the  sharpest 
demarcation  between  turbulent  and  non-turbulent  portions  of  the  flow.  This  criterion  function 
also  had  a  negligible  variation  of  threshold  value  throughout  the  transition  region  with  the  lowest 
sensitivity  of  the  resultant  intermittency  to  the  variation  of  the  threshold.  These  results  indicate 
that  using  the  Reynolds  shear  stress  for  turbulent/non-turbulent  discrimination  in  a  heated 
transitional  boundary  layer  is  superior  to  a  single  velocity  or  temperature  scheme.  The 
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intermittency  across  the  boundary  layer  for  the  baseline  and  each  accelerating  case  were 
obtained.  Peak  values  in  intermittency  for  the  early  to  mid-transitional  regions  were  found  to 
occur  away  from  the  wall  at  approximately  y/8  =  0.3  for  the  baseline  case  and  three  accelerating 
cases.  To  match  the  universal  intermittency  distribution  of  Dhawan  and  Narasimha  (1958),  the 
values  of  intermittency  at  the  near- wall  minimum  y/8  =  0.1  should  be  used  as  the  representative 
"near-wall"  values. 

Summary  of  the  Conditional  Sampling  Results  of  Low  Turbulence  Cases 

The  conditionally  sampled  distribution  of  the  skin  friction  coefficients  revealed  that  values  for 
Cf  in  the  non-turbulent  and  turbulent  portions  significantly  deviated  from  the  respective  laminar 
and  turbulent  correlations.  Reconstructing  the  local  overall  Cf  value  using  the  laminar  and 

turbulent  correlations  consistently  overestimates  the  experimentally  determined  unconditioned 
Cf  values.  The  results  indicate  that  a  single  representative  near-wall  intermittency  value  may  not 

be  the  characteristic  property  for  the  transition  region  and  that  the  intermittency  variation  across 
the  boundary  layer  may  play  a  more  important  role  than  previously  thought.  Evaluation  of  the 
conditionally  sampled  momentum  thickness  confirmed  that  the  higher  loss  of  momentum  in  the 
transition  region  is  a  direct  result  of  the  turbulent  portion  of  the  boundary  layer.  The  mean 
velocity  profiles  from  the  turbulent  portions  had  the  appearance  of  a  low-Reynolds-number 
turbulent  boundary  layer  with  a  large  wake  region.  In  the  late  transition  region,  as  K  increased, 
the  wake  region  in  the  turbulent  portion  was  suppressed  relative  to  the  unconditioned  result. 

The  increased  magnitude  of  the  streamwise  Reynolds  normal  stress  was  discovered  to  be  a 
direct  result  of  the  fluctuations  in  the  turbulent  portions  and  not  a  result  of  the  "mean-step" 
contribution.  The  “mean-step”  change  indicated  the  step  change  between  the  turbulent  and  non- 
turbulent  mean  values.  The  peak  intensity  of  the  streamwise  Reynolds  normal  stress  in  the 
non-turbulent  portion  was  suppressed  at  an  earlier  stage  as  K  increased.  The  Reynolds  shear 
stress  was  normalized  by  the  individual  Cf  values  obtained  for  each  portion.  The  peak 

magnitudes  of  Reynolds  shear  still  exceeded  the  wall  shear  but  not  by  the  magnitudes  previously 
seen.  The  results  indicated  that  the  turbulent  shear  was  generated  in  the  boundary  layer  at  Y+ 
»100  and  imposed  on  the  wall  shear  and  that  the  "mean-step"  contribution  was  negligible.  As  K 

increased,  uv  in  the  turbulent  portion  was  more  uniformly  distributed  through  the  inner  boundary 
layer  than  the  unconditioned  results.  The  peak  intensity  in  the  RMS  temperature  fluctuations  in 
the  non-turbulent  portions  increased  in  magnitude  relative  to  the  unconditioned  data  and  the 
values  in  the  turbulent  portion  at  Y  «100.  These  values  eventually  became  greater  than  the 
turbulent  and  unconditioned  values  in  the  late  transition  region.  The  streamwise  Reynolds  heat 
flux  in  the  turbulent  portion  increased  in  magnitude  as  K  increased. 

Conditionally  Sampled  Results  of  Elevated  FSTI  Cases 

In  the  elevated  FSTI  condition,  the  laminar  flow  is  highly  disturbed.  The  stage  of  linear 
instability  amplification,  triggered  by  infinitesimal  disturbances,  is  bypassed.  The  nonlinear 
instability,  triggered  by  finite-amplitude  disturbance,  dominates.  This  is  called  bypass  transition. 
Due  to  the  highly  disturbed  condition  in  the  laminar  part,  the  turbulent  and  nonturbulent  parts  of 
the  transitional  flow  become  difficult  to  discern.  Because  of  this,  the  conventional  sampling 


technique  of  applying  the  "dual-slope"  method  to  the  distribution  of  the  accumulative  probability 
function  encounters  difficulty.  A  modified  method,  using  one  slope  on  the  accumulative 
probability  chart  to  determine  the  threshold,  was  made.  This  modified  method  was  convenient  to 
apply  and  was  also  theoretically  verified.  The  results  showed  that  using  the  Reynolds  stress 
signal  (uv)  instead  of  u'  signal  can  enhance  the  certainty  for  demarcating  the  turbulent  and 

nonturbulent  signals.  This  implies  that  using  the  turbulence  transport  behavior  (uv)  is  much 
superior  to  using  the  turbulence  energy  (u'2)  for  separating  the  turbulent  and  nonturbulent 
signals. 

As  shown  in  Fig. 3,  the  conditionally  sampled  results  indicated  that  the  both  components  of 
turbulence  energy  (u'  and  v'),  f ,  and  ut  are  high  in  the  nonturbulent  part  —  this  is  contrary  to  the 

low  FSTI  cases;  whereas,  the  Reynolds  momentum  and  thermal  transports  (uv  and  vt)  are  low 
in  the  nonturbulent  part  —  this  is  similar  to  the  low  FSTI  cases.  This  implies  that  although  the 
velocity  trace  of  the  non-turbulent  part  was  hardly  distinguishable  from  the  turbulent  part  in  high 
FSTI  situations,  the  flow  and  thermal  transport  mechanisms  of  the  non-turbulent  part  were 
distinctively  different  from  the  turbulent  part. 

Spectral  Analysis 

A  spectral  analysis  was  conducted  for  both  turbulence  power  spectra,  as  well  as  thermal 
power  spectra,  for  heated  transitional  boundary  layers  at  FSTI  of  0.5%  and  6.4%,  respectively. 
The  power  spectra  of  u',  v'  and  t'  as  well  as  their  cospectra  (uv,ut,  vt)were  analyzed.  The 
spectral  analogy  and  the  differences  between  the  momentum  and  the  thermal  transports  were 
investigated.  The  results  showed  that  the  location  of  maximum  turbulence  production  (y/8  *0.1) 
coincided  with  the  peak  location  of  u';  whereas,  the  region  of  high  turbulent  shear  (y/8  »  0.35) 
produced  little  turbulence  energy.  The  power  spectrum  of  f  was  mostly  correlated  with  u'  in  the 
early  to  middle  transitional  flow,  but  it  was  significantly  correlated  with  v'  in  the  late  transitional 
and  early  turbulent  flow  regions.  The  dissipation  power  spectra  for  both  u'  and  v'  evolved  faster 

than  their  turbulence  power  spectra,  vt  is  transported  by  smaller  eddies  than  is  ut .  A 
hypothetical  energy  transfer  process  during  laminar-turbulent  transition  was  proposed. 


Adverse  Pressure  Gradient  (Decelerating)  Cases  at  Low  FSTI 


The  effects  of  adverse  pressure  gradients  on  the  thermal  and  momentum  characteristics  of  a 
heated  transitional  boundary  layer  were  investigated  with  free-stream  turbulence  ranging  from 


0.3  to  0.6  percent.  The  acceleration  parameter  K 


) 


was  kept  constant  along  the  test 


section.  Both  surface  heat  transfer  and  boundary  layer  measurements  were  conducted.  The 
boundary  layer  measurements  were  conducted  with  a  three-wore  probe  (two  velocity  wires  and 
one  temperature  wire)  for  two  representative  cases,  K1  =  -0.51  x  10 6  and  K2  =  -1.05  x  10  .  The 
surface  heat  transfer  measurements  were  conducted  for  K  values  ranging  from  —045  x  10  to  — 
1.44  x  10*6  over  five  divergent  wall  angles.  The  Stanton  numbers  of  the  decelerating  cases  were 
greater  than  that  of  the  zero-pressure-gradient  turbulent  correlation  in  the  low-Reynolds-number 
turbulent  flow,  and  the  difference  increased  as  the  adverse  pressure  gradient  was  increased.  The 
adverse  pressure  gradient  caused  earlier  transition  onset  and  shorter  transition  length  based  on 


Rex,  Res*,  and  Ree  in  comparison  to  zero-pressure-gradient  conditions.  As  expected,  there  was  a 
reduction  in  skin  friction  as  the  adverse  pressure  gradient  increased.  In  the  U+-Y+  coordinates,  the 
adverse  pressure  gradients  had  a  significant  effect  on  the  mean  velocity  profiles  in  the  near-wall 
region  for  the  late-laminar  and  early  transition  stations.  The  mean  temperature  profile  was 
observed  to  precede  the  velocity  profile  in  starting  and  ending  the  transition  process,  opposite  to 
what  occurred  in  favorable  pressure  gradient  cases  in  previous  studies.  A  curve  fit  of  the 
turbulent  temperature  profile  in  the  long-linear  region  for  the  K2  case  gave  a  conduction  layer 
thickness  of  Y*  =  9.8  and  an  average  Prt  =  0.71.  In  addition,  the  wake  region  of  the  turbulent 
mean  temperature  profile  was  significantly  suppressed. 

The  fluctuation  quantities,  u',  v',  and  t',  the  Reynolds  shear  stress  (uv),  and  the  Reynolds  heat 
fluxes  (ut,vt)  were  measured.  In  general,  u’/Uco,  v’/U«,  and  vt  have  higher  values  across  the 
boundary  layer  for  the  adverse  pressure  gradient  cases  than  they  do  for  the  baseline  case  (K  =  0). 
The  development  of  v'  for  the  decelerating  cases  was  more  actively  involved  than  that  of  the 
baseline  case.  In  the  early  transition  region,  the  Reynolds  shear  stress  distribution  for  the  K2 
case  showed  a  near- wall  region  of  high  turbulent  shear  generated  at  Y*  =  7.  At  stations  farther 
downstream,  this  near- wall  shear  reduced  in  magnitude,  while  a  second  region  of  high  turbulent 
shear  developed  at  Y+  =  70.  For  the  baseline  case,  however,  the  maximum  turbulent  shear  in  the 
transition  region  was  generated  at  Y+  =  70,  and  no  near-wall  high  shear  region  was  seen. 
Stronger  adverse  pressure  gradients  appear  to  produce  more  uniform  and  higher  f  in  the  near¬ 
wall  region  (Y+  <  20)  in  both  transitional  and  turbulent  boundary  layers.  The  instantaneous 
velocity  signals  did  not  show  any  clear  turbulent/non-turbulent  demarcations  in  the  transition 
region.  Increasingly  stronger  adverse  pressure  gradients  seemed  to  produce  large  non-turbulent 
unsteadiness  (or  instability  waves)  at  a  similar  magnitude  as  the  turbulent  fluctuations  such  that 
the  production  of  turbulent  spots  was  obscured.  The  turbulent  spots  could  not  be  identified 
visually  or  through  conventional  conditional  sampling  schemes.  In  addition,  the  streamwise 
evolution  of  eddy  viscosity,  turbulent  thermal  diffusivity,  and  Prt  were  also  measured. 

Conditional  Sampling  for  Adverse  Pressure  Gradient  (Decelerating)Cases  at  Low  FSTI 

The  amplification  rate  of  instability  under  the  influence  of  adverse  pressure  gradient  is  much 
larger  than  at  the  zero-pressure  gradient  condition.  The  instantaneous  velocity  traces  do  not 
indicate  any  visible  turbulent  wave  packets.  Several  existing  conditional  sampling  techniques 
have  been  tried.  The  results  are  not  conclusive.  Efforts  are  continuing  in  search  of  an  appropriate 
conditional  sampling  technique  for  adverse  pressure  gradient  cases. 


Effect  of  Leading  Edge  Roughness 

An  experimental  study  was  undertaken  to  gain  insight  into  the  physical  mechanisms  that 
affect  the  laminar-turbulent  transition  process  downstream  of  the  leading-edge  roughness 
condition.  In  order  to  simulate  the  randomly  distributed  roughness  located  near  the  leading  edge 
of  the  turbine  blade,  1200,  180,  and  40  GRIT  sandpaper  strips  were  adhered  to  the  leading  edge 
of  the  test  surface.  Similarly,  0.762,  1.59,  and  2.31  mm  diameter  cylinders  were  chosen  to 
simulate  the  relatively  isolated  peak  nature  of  the  roughness  structure.  A  total  of  eight  different 
leading-edge  conditions  and  56  test  cases  were  examined.  The  roughness  Reynolds  number 


ranged  from  2  to  2840.  Tests  were  also  conducted  by  using  a  smooth  strip  of  tape  at  the  leading 
edge  to  determine  the  relative  effects  of  the  sandpaper  backing  and  the  actual  roughness  of  the 
sandpaper.  All  of  these  leading-edge  conditions  were  compared  to  the  undisturbed  leading  edge. 

Overall,  greater  maximum  roughness  height  was  observed  to  induce  greater  enhancement  of 
the  surface  heat  transfer  than  the  undisturbed  case.  Depending  on  the  ffee-stream  velocity  and 
the  distance  from  the  leading  edge  disturbance,  the  enhancement  ranged  from  negligible  to 
200%.  At  low  ffee-stream  velocities  (Uoo  =  5  m/s),  the  maximum  roughness  height  was  the 
primary  contributor  to  deviations  observed  from  the  undisturbed  case,  irrespective  of  the 
roughness  geometry.  At  higher  ffee-stream  velocities,  5-7  m/s,  the  Stanton  number  versus  Rex 
correlation  exhibited  dual  slope  region  between  the  typical  laminar  and  turbulent  correlations, 
also  irrespective  of  the  roughness  geometry.  Although  the  first  slope  was  significantly  different 
from  the  laminar  correlation  (as  much  as  88%  higher),  inspection  of  the  mean  velocity  profiles, 
RMS  fluctuations,  Reynolds  shear  stress,  and  instantaneous  velocity  signals  indicated  that  the 
boundary  layer  was  pre-transitional  in  this  region.  The  second  segment  of  the  dual-slope  Stanton 
number  distribution  was  steeper  than  the  first  and  the  junction  between  these  two  segments  was 
determined  to  be  the  approximated  onset  of  boundary  layer  transition. 

Development  of  Various  Three-Wire  Sensors  for  Reynolds  Heat  Fluxes  Measurements 

The  equipment  and  instrumentation  associated  with  this  project  was  previously  supported 
by  a  DEPSCoR  Equipment  program  (Grant  No.  F49620-93-1-0533).  This  equipment 
program  contributed  the  design  and  fabrication  of  the  following  sensors  to  be  used  in  the 
present  program: 

a.  A  special,  custom-made,  three-wire  miniature  sensor  was  designed  and  built  to  measure 
Reynolds  stresses  (uv)  and  Reynolds  heat  fluxes  (ut  and  vt)  in  transitional  and 
turbulent  boundary  layers. 

b.  A  three-wire  sensor  was  specially  designed  and  custom  made  to  measure  spanwise 
Reynolds  heat  flux  (wt)  and  spanwise  Reynolds  normal  stress  (w').  The  information 
obtained  from  wt  and  w'  is  necessary  to  check  turbulence  energy  and  turbulent  thermal 
energy  closure  of  a  transitional  boundary  layer  flow. 

c.  A  rake  of  six  wire  sensors  was  designed  and  fabricated  to  measure  the  spatial  correlation 
and  coherent  structures  across  the  transitional  boundary  layers. 

Development  and  Evaluation  of  the  Six-Wire  V orticitv-T emperature  Sensor 

A  complex  six-wire  vorticity-temperature  sensor  was  fabricated  with  the  support  by  a 
previous  DEPSCoR  Equipment  program  (Grant  No.  F49620-93-1-0533).  The  vorticity  sensor 
part  of  this  miniature  six-wire  sensor  was  designed  based  on  the  probe  made  by  Eckelmann  et  al. 
(1977)  but  much  smaller.  The  measurement  volume  of  this  probe  is  2.03  mm  x  1.19  mm  x  2.25 
mm.  This  six-wire  probe  can  directly  measure  the  three-dimensional  mean  and  fluctuating 
quantities  of  velocity,  temperature,  Reynolds  stresses  and  Reynolds  heat  Fluxes.  Using  Taylor's 
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Hypothesis,  it  can  also  measure  the  mean  and  fluctuating  quantities  of  all  three  components  of 
vorticity  as  well  as  the  vorticity-temperature  correlations. 

Since  no  existing  data  can  be  used  to  qualify  all  the  parameters,  a  data  evaluation  process  was 
conducted  in  the  wake  behind  a  2-D  cylinder  cross-flow.  The  results  show  that  the  six-wire  probe 
successfully  determined  the  trend  of  the  flow  past  the  cylinder.  However,  the  interpretation  of  the 
measured  values  of  the  three  components  of  vorticity  required  an  extreme  caution.  A  careful 
analysis  of  the  vorticity  results  indicated  that  it  is  not  necessarily  good  for  spacing  between  the 
sensors  to  be  too  close.  The  inherent  measurement  uncertainty  can  be  amplified  by  the  closeness 
of  the  sensors  and  introduce  false  vorticity  values.  For  a  meaningful  application  of  a  six-wire 
vorticity-temperature  probe,  it  is  crucial  that  the  vorticity  and  its  fluctuation  scales  of  the  test 
flow  field  be  created  to  match  the  probe  size,  or  a  probe  size  and  sensor  spacing  be  appropriately 
designed  for  measuring  a  given  vorticity  field. 
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■  A  three-wire  probe  was  specifically  designed  and  fabricated  to  measure 
the  flow  structure  and  the  thermal  field  in  transitional  and  low  Reynolds 
number  turbulent  flow.  In  addition  to  the  skin  friction  coefficient  and 
Stanton  number  on  the  surface,  detailed  measurements  were  made  of  the 
mean  and  fluctuation  quantities  of  the  flow  and  temperature  fields  in  the 
boundary  layer.  The  evolution  of  the  uv  profiles  indicates  that  turbulent 
shear  is  generated  near  Y +-  70-100  and  imposes  itself  on  the  wall  within 
the  boundary  layer.  ui,vt,  e H,  eM,  and  Prt  were  measured  near  the  end  of 
transition  and  in  the  turbulent  flow  region.  Prt  is  shown  to  be  greater  than 
the  typical  value  of  0.9  in  the  near-wall  region.  The  Reynolds  analogy 
factor  (2  St/Cf)  in  the  early  turbulent  flow  region  is  approximately 
0.9,  which  is  lower  than  the  typical  value  of  1.2  for  turbulent  flow.  The 
data  presented  in  this  paper  serve  as  the  baseline  for  a  series  of  consec¬ 
utive  studies  related  to  investigating  various  parameters  that  affect 
laminar-turbulent  transition. 

Keywords:  transitional  flow ,  Reynolds  stress ,  Reynolds  heat  flux, 
turbulent  Prandtl  number 


INTRODUCTION 

Boundary  layer  transition  from  laminar  to  turbulent  flow 
has  been  recognized  as  an  important  feature  in  the 
through-flow  of  a  gas  turbine  [1-3].  Recognizing  and 
understanding  the  fundamental  mechanisms  involved  in 
transitional  convective  heat  transfer  are  the  keys  to  im¬ 
proving  heat  transfer  modeling  and  enhancing  the  accu¬ 
racy  of  thermal  load  predictions  for  gas  turbine  blades. 

In  the  turbulent  boundary  layer,  thermal  transport  is 
treated  as  a  passive  process  that  is  predominantly  con¬ 
trolled  by  the  mixing  effect  of  the  turbulent  momentum 
transport.  The  near-unity  value  of  0.9  has  often  been 
assigned  to  the  turbulent  Prandtl  number  for  calculating 
heat  transfer  in  a  turbulent  boundary  layer.  However,  this 
close  correlation  between  momentum  and  thermal  trans¬ 
port  has  not  been  verified  and  may  well  be  invalid  for  a 
boundary  layer  undergoing  laminar-turbulent  transition. 
The  objective  of  this  study  is  to  investigate  detailed  flow 
and  thermal  structures  in  the  transitional  boundary  layer. 

Many  studies  have  been  conducted  to  investigate  the 
flow  and  thermal  structures  in  heated  transitional  bound¬ 
ary  layers.  However,  most  of  them  are  either  limited  to 
wall  measurements  of  Cf  and  Jit  or  provide  only  partial 
information  of  mean  velocity  ((/),  mean  temperature  (7), 
and  streamwise  velocity  fluctuations  (u'\  An  extensive 
literature  search  on  the  measurement  of  Reynolds  shear 
stress  ( uv)  and  heat  fluxes  ( vt  and  ut)  in  the  transitional 


boundary  layer  yielded  little  information.  Most  of  the 
documented  work  was  performed  with  fully  developed 
turbulent  boundary  layers  or  in  turbulent  jets.  Among  the 
few  studies  providing  both  flow  and  heat  transfer  data  in 
the  transitional  boundary  layers  is  that  of  Kim  et  al.  [4], 
who  performed  measurements  of  Reynolds  heat  fluxes  (vt 
and  ut)  on  a  flat  plate  at  two  different  levels  of  free-stream 
turbulence  intensity,  0.32%  and  1.79%.  In  their  experi¬ 
ment  on  low  free-stream  turbulence  intensity  (FSTI),  the 
transitional  region  was  too  short  to  obtain  useful  informa¬ 
tion  for  vt  measurements.  In  their  high-FSTI  experiment, 
they  observed  that  the  turbulent  heat  flux  (vt)  was  greater 
than  the  wall  heat  flux  in  the  transitional  region.  This  was 
not  seen  in  a  fully  developed  turbulent  boundary  layer. 
They  calculated  Prt  through  the  transitional  region,  which 
had  not  been  previously  documented.  Sohn  et  al.  [5] 
performed  a  similar  study  in  which  they  measured 
Reynolds  heat  fluxes  over  a  flat  plate.  Surprisingly,  they 
measured  strong  negative  values  of  vi  in  the  transitional 
boundary  layer,  which  had  not  been  observed  by  Kim  et 
al.  [4]. 

In  view  of  the  inconvenience  of  patching  the  partial 
information  obtained  from  various  laboratories  and  re¬ 
ports  and  the  lack  of  more  complete  information,  includ¬ 
ing  Reynolds  stresses  and  Reynolds  heat  fluxes,  this  paper 
intends  to  provide  a  more  integrated  picture  of  heated 
transitional  boundary  layers  by  presenting  data  from  a 
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singje  facility/The  measurements  include  Cf,  St,  U,T,  u\ 
v\  ut ,  and  uv  through  the  transition  region.  Additional 
measurements  of  vt,  sH,  em,  and  Prt  were  taken  in  the 
late  part  of  the  transition  region  and  in  the  low  Reynolds 
number  turbulent  region,  where  the  boundary  layer  was 
sufficiently  thick  for  accurate  measurement  of  these  vari¬ 
ables.  In  addition,  the  data  presented  in  this  paper  serve 
as  the  baseline  for  a  series  of  sequential  studies  at 
Clemson  University  investigating  parameters  that  affect 
laminar-turbulent  transition  in  an  actual  gas  turbine  envi¬ 
ronment,  such  as  elevated  free-stream  turbulence  [6],  fa¬ 
vorable  pressure  gradients  [7],  adverse  pressure  gradients 
[8],  and  roughness  [9]. 

EXPERIMENTAL  PROGRAM 
Test  Facility 

The  experiments  were  conducted  in  a  two-dimensional 
open  circuit,  blowing-type  wind  tunnel  (Fig.  1).  Using  an 
industrial  fan,  air  was  drawn  through  the  filter  box  and 
then  forced  through  two  grids,  a  honeycomb,  a  heat  ex¬ 
changer,  a  screen  pack,  and  a  9:1  contraction  nozzle 
before  entering  the  test  section.  The  air  speed  could  be 
adjusted  continuously  (without  steps)  by  a  constant-torque, 
variable-frequency  motor  controller.  The  maximum  veloc¬ 
ity  was  35  m/s,  uniform  within  0.7%  and  steady  within  1% 
in  a  20-h  period.  The  free-stream  temperature,  controlled 
by  a  heat  exchanger  and  the  air-conditioning  system  in  the 
laboratory,  could  be  maintained  within  0.5°C  over  a  20-h 
period  with  uniformity  within  0.1°C.  Both  velocity  and 
temperature  uniformity  were  measured  by  using  a  2.54  X 
2.54-cm  grid  across  the  cross  section  of  the  test  section 
inlet.  A  suction  fan  and  a  low-pressure  plenum  were 
installed  to  provide  boundary  layer  suction  at  the  leading 
edge,  at  a  rate  of  1100  cfm.  The  leading  edge  bleed  scoop 
was  designed  after  that  of  Blair  et  al.  [10]. 

The  rectangular  test  section  is  0.15  m  wide,  2.4  m  long, 
and  0.92  m  high  and  has  an  aspect  ratio  of  6  to  reduce  the 
effects  of  three-dimensionality.  The  rectangular  test  wall 
(2.4  X  0.92  m)  is  composite  in  nature  and  was  designed 
and  constructed  to  be  flexible  so  that  it  can  be  bent  to 
varying  degrees  of  streamwise  curvature  for  future  efforts. 
The  support  wall  is  a  4.68-mm-thick  polycarbonate  sheet. 
The  back  of  this  polycarbonate  sheet  is  covered  with 
0.25-m-thick  R-30  fiberglass  wool  to  minimize  back- 
conduction  loss  to  the  room.  Attached  to  the  inside  of  the 
polycarbonate  support  wall  is  a  1.5-mm-thick  heater  patch. 


The  heater  patch  was  constructed  of  heater  foil  sand¬ 
wiched  between  a  glass  cloth  and  a  silicone  rubber  sheet. 
The  advantages  of  using  this  heating  patch  are  that  it  is 
flexible  and  has  a  well-protected  heating  foil.  Moreover, 
the  heating  patch  does  not  wrinkle  but  remains  flat  during 
the  periodic  heating  and  cooling  processes.  A  1.56-mm- 
thick  aluminum  sheet  is  bonded  to  the  heater  to  distribute 
the  heat  uniformly.  Covering  the  aluminum  sheet  is  a 
0.04-mm-thick,  3M-413  double-sided  tape.  Grooves  were 
carved  through  the  tape  to  accommodate  the  thermocou¬ 
ples.  One  hundred  eighty-five  3-mil  E-type  thermocouples 
were  strategically  deployed  (Fig.  2).  Of  these  185  thermo¬ 
couples,  74  were  placed  on  the  centerline  and  the  rest  in 
off-centerline  positions  in  the  cross-span  direction  to  cap¬ 
ture  the  “footprints”  of  the  3-D  transitional  flow.  The 
grooves  were  then  filled  with  high-temperature  RTV.  This 
arrangement  ensures  that  the  thermocouple  junctions  are 
well  protected  and  that  they  can  sustain  severe  bending 
stress  in  future  curvature  studies.  A  1.56-mm-thick  poly¬ 
carbonate  sheet  was  then  placed  over  the  double-sided 
tape.  This  smooth  polycarbonate  sheet  serves  as  the 
boundary  layer  test  surface.  Another  side  of  the  test 
section,  parallel  to  the  test  surface,  is  made  of  a  6-mm- 
thick  flexible  polycarbonate  sheet.  Fourteen  2.54-cm- 
diameter  measuring  holes  were  drilled  along  the  center- 
line,  and  eight  measuring  holes  of  the  same  size  were 
drilled  off-centerline  in  the  cross-span  direction.  Plexiglas 
plugs,  flush  with  the  inner  surface,  were  used  to  plug  the 
holes.  Measurements  were  made  by  traversing  the  probe 
through  these  holes  into  the  test  section.  The  first  measur¬ 
ing  hole  is  located  20  cm  from  the  leading  edge,  and  the 
remainder  are  spaced  15  cm  from  each  other:  A  very 
smooth  Masonite  table  surface  serves  as  the  bottom  wall 
of  the  test  section.  The  outer  wall  can  be  adjusted  to  vary 
the  pressure  gradient  in  the  test  section.  A  detailed  de¬ 
scription  of  each  component  of  the  wind  tunnel  and  the 
test  facility  is  documented  by  Shome  [11]. 

The  Three-Wire  Sensor 

The  three-wire  sensor  is  designed  similarly  to  that  used 
by  Sohn  et  al.  [5].  Basically,  two  1.0-mm-long,  2.5-^m- 
diameter  gold-plated  tungsten  wires  arranged  in  an  X- 
array  were  used  for  velocity  measurement.  The  sensing 
length  is  0.5  mm,  etched  in  the  center  (Fig.  3).  The  spacing 
between  the  wires  in  the  X-array  is  0.35  mm.  The  temper¬ 
ature  sensor  is  a  1.2-/zm  unplated  platinum  wire  placed  in 


Figure  1.  Schematic  of  the  wind  tun¬ 
nel  facility. 
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Figure  2.  Schematic  of  test  surface 
and  thermocouple  layout.  (°)  Loca¬ 
tions  for  boundary  layer  measure¬ 
ments. 
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a  plane  parallel  to  that  of  the  cross-wire  and  spaced  0.35 
mm  from  the  X-array.  The  typical  prong  configuration  of  a 
boundary  layer  probe  is  compromised,  because  bending 
three  pairs  of  prongs  to  ensure  the  exact  sensor  arrange¬ 
ment  is  difficult  from  a  fabrication  point  of  view  and  is 
also  costly.  To  allow  near-wall  measurement  and  to  re¬ 
duce  probe  interference,  the  probe  support  is  bent  at  a  10° 


angle  from  the  wire  axis  (Fig.  3);  this  ensures  that  both  of 
the  X-wires  can  touch  the  wall  simultaneously.  This  de¬ 
sign,  which  doesn’t  involve  bending  the  prongs,  provides  a 
50%  reduction  in  the  manufacturing  cost.  Due  to  the  10° 
inclined  angle,  the  cross-wires  have  respective  slant  angles 
of  35°  and  -  55°  relative  to  the  probe  axis,  instead  of  the 
±45°  of  traditional  X-wires.  However,  these  X-wires  are 


Figure  3.  Three-wire  boundary  layer  sensor  for 
measuring  Reynolds  stresses  and  heat  fluxes. 
Dimensions  in  millimeters. 
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still  perpendicular  to  each  other.  A  detailed  probe  de¬ 
scription  is  given  by  Shome  [11]  and  Keller  [12]. 

Instrumentation  and  Measurements 

A  TSI  IFA  100  intelligent  flow  analyzer  system  was  used 
as  a  constant-temperature  anemometer.  A  DISA  M20 
temperature  bridge  was  used  to  operate  the  cold  wire  in 
the  constant-current  mode.  The  TSI  Model  157  signal 
conditioner  is  used  in  the  external  mode  for  low-pass 
filtering  of  the  cold-wire  anemometer  signals. 

In  order  to  simulate  a  zero  pressure  gradient  flow 
condition,  the  C  distribution,  with  the  reference  temper¬ 
ature  taken  at  the  first  station,  was  kept  within  + 1.0%  by 
adjusting  the  outer  wall  and  measuring  the  static  pres¬ 
sures  at  all  14  stations  by  a  trial-and-error  method. 

The  wind  tunnel  was  started  at  least  12  h  prior  to  the 
experimentation.  The  steadiness  of  the  global  wall  tem¬ 
perature  distribution  was  checked  approximately  every  2 
h.  Each  time,  an  average  of  three  different  scans,  with 
each  scan  made  at  a  sample  rate  of  1  channel/s,  was 
obtained.  In  addition,  a  local  check  of  the  steadiness  of 
the  wall  temperature  at  each  station  was  performed  be¬ 
fore,  midway,  and  at  the  end  of  each  measurement  of  the 
boundary  layer  temperature  profile. 

The  X-wi’res  of  the  three-wire  sensor  were  operated  at 
overheat  ratios  of  1.43  and  1.66  in  the  constant-tempera¬ 
ture  mode.  The  1.2-^m  cold  wire  was  operated  at  a  very 
low  overheat  ratio  in  the  constant-current  mode  by  using 
the  DISA  M20  bridge.  A  probe  current  of  0.1  mA  and  an 
amplifier  gain  of  3500  were  used.  The  frequency  response 
of  the  temperature  wire  was  found  by  Keller  [12]  to  be 
approximately  3000  Hz.  The  data  from  all  three  sensors 
were  sampled  at  2  kHz  for  20  s.  A  low-pass  filter  set  at  1 
kHz  for  each  channel  was  also  employed  so  that  the  data 
could  be  used  later  for  power  spectra  and  waveform 
analyses.  To  locate  the  wall,  the  smallest  Y*  (near  T+=  7) 
that  could  be  achieved  was  specified,  and  the  probe  was 
traversed  toward  the  wall  until  the  mean  streamwise  ve¬ 
locity  corresponding  to  the  specified  (as  given  by  the 
near-wall  region  correlation,  U+=  T+)  was  achieved. 
Measurements  were  made  at  12  stations  located  at  dis¬ 
tances  of  44.45-215.9  cm  from  the  leading  edge.  No 
measurements  were  taken  at  the  first  two  stations  because 
of  the  thin  boundary  layer.  Thirty  points  across  the  bound¬ 
ary  layer  were  measured  for  each  station. 

Chua  and  Antonia's  method  [13]  for  correcting  temper¬ 
ature  contamination  of  the  hot  wires  was  used.  The  advan¬ 
tage  of  this  method  is  that  the  hot-wire  signal  can  be 
corrected  by  using  instantaneous  temperatures  instead  of 
instantaneous  temperature  fluctuations.  Just  as  a  hot  wire 
responds  to  temperature  fluctuations,  a  cold  wire  responds 
to  velocity  fluctuations.  Analysis  of  the  cold  wire  was 
performed  in  this  study  following  the  scheme  presented  by 
LaRue  et  al.  [14].  For  the  1.2-^m  cold  wire,  the  velocity 
sensitivitv  coefficient  at  20  m/s  is  1.75  x  10  4  °C/(m/s). 
For  a  5%  change  in  velocity,  the  error  in  temperature 
measurement  for  the  1.25-/xm  platinum  wire  is  0.000175°C. 
This  estimate  indicates  that  correction  for  velocity  con¬ 
tamination  is  not  required  as  long  as  a  low  heating  current 

is  used.  . 

The  three-wire  sensor  was  qualified  in  a  boundary  layer 
undergoing  laminar-turbulent  transition.  The  standards 
used  were"  mean  velocity  profile  results,  mean  tempera- 
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tures,  Reynolds  normal  and  shear  stresses,  and  the  tem¬ 
perature  fluctuations  from  a  commercially  available  single 
hot  wire,  an  X-wire,  and  a  single  cold  wire.  The  results 
were  satisfactory  and  were  documented  with  detailed  ex¬ 
perimental  procedures  and  data  reduction  techniques  by 
Shome  [11]  and  Keller  [12]. 


Stanton  Number  Measurement 

The  wall  temperature  was  corrected  for  front  polycarbon¬ 
ate  wall  conduction  effects,  radiation  loss,  back  loss, 
streamwise  conduction  loss,  compressibility,  and  recovery 
effect.  The  effect  of  relative  humidity  on  obtaining  the 
free-stream,  dry-bulb  temperature  was  also  corrected.  The 
detailed  procedure  was  documented  by  Keller  [12]. 

RESULTS  AND  DISCUSSION 

In  this  experiment,  a  boundary  layer  was  allowed  to  un¬ 
dergo  natural  transition  from  laminar  to  fully  turbulent 
flow.  Three  sets  of  Stanton  number  data  were  taken  in 
one  22-h  run.  The  first  run  was  conducted  after  a  12-h 
stabilization  period  and  followed  by  two  runs  conducted  at 
17  h  and  22  h,  respectively.  The  maximum  variation  in  the 
Stanton  numbers  during  the  10-h  period  was  approxi¬ 
mately  ±3%. 

The  free-stream  turbulence  intensity  (FSTI),  calculated 
from  three  components  of  velocity  fluctuations,  is  shown 
in  Fig.  4 a  to  have  a  value  of  about  0.5%  for  a  free-stream 
velocity  of  13  m/s.  The  ratios  of  v ' /u'  and  w'/h'  in  the 
free  stream,  also  shown  in  Fig.  4 a,  are  not  isotropic;  the 
values  varied  between  2.0  and  1.6  for  u* /u*  and  between 


Figure  4.  Free-stream  turbulence,  (a)  Intensities  and  length 
scales:  (b)  spectral  distribution. 
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Figure  5.  Mean  velocity  profiles,  U+  vs.  T+. 

0.9  and  1.1  for  w'/ii'.  The  free-stream  turbulence  integral 
length  scales  are  also  shown  in  this  figure.  The  spectral 
distribution  of  the  streamwise  velocity  fluctuations  in  the 
free  stream  for  the  baseline  case  is  shown  in  Fig.  4b.  The 
1-D  spectrum,  £,(/),  is  normalized  by  u'2,  the  integral 
length  scale  A,  and  the  free-stream  velocity  U^.  The 
frequency  /  is  normalized  by  A  and  Ux.  For  comparison, 
Taylor’s  1-D  energy  spectrum  [15]  is  also  shown  in  this 
figure.  The  spectral  distribution,  E{(f  \  follows  Taylor’s 
1-D  energy  spectrum  in  the  low-frequency  range  and 
deviates  from  it  in  the  high-frequency  range.  This  is 
probably  caused  by  the  nonisotropy  of  the  grid-generated 
free-stream  turbulence  structure  in  the  present  study. 

Mean  Velocity  Profiles 

The  results  of  the  mean  velocity  profiles,  plotted  in  wall 
units  of  U+  vs.  7+,  are  shown  in  Fig.  5  and  are  consistent 
with  those  of  Blair  [16]  and  Kuan  and  Wang  [17].  As  seen 
in  Fig.  5,  the  velocity  profiles  at  stations  3  and  4  are 
Blasius  flow.  A  set  of  single-wire  data  (not  shown)  was 
taken  as  a  guide  for  determining  the  skin  friction  coeffi¬ 
cients  because  the  single  wire  could  be  positioned  very 
close  to  the  wall  (about  Y+—  2).  The  skin  friction  coeffi¬ 
cients  for  these  two  stations  were  determined  by  extrapo¬ 
lating  the  linear  correlation  (U+=  Y+ )  to  the  wall.  The 
profiles  after  Rex  =  1.12  X  106,  that  is,  stations  9-13,  are 
clearly  turbulent  and  preserve  the  “law  of  the  wall”  char¬ 
acteristics  over  a  sufficient  range  of  Y+.  This  indicates 
that  the  Clauser  technique  is  appropriate  for  determining 
the  skin  friction  coefficient.  The  profiles  from  Rex  =  6.13 
X  105  to  9.87  X  105,  stations  5-8,  are  transitional,  neither 
displaying  the  turbulent  log-linear  behavior  nor  matching 
the  Blasius  profile.  Based  on  the  assumption  that  the 
viscous  sublayer  within  Y+<  10  is  not  affected  by  the 
transition  process,  the  Cf  values  for  these  transitional 
stations  were  determined  by  forcing  the  profile  through 
the  U+=  Y+  correlation  in  the  near-wall  region  (T+<  10). 

Skin  Friction  Coefficient  and  Stanton  Number 

The  skin  friction  coefficient  is  shown  in  Fig.  6.  In  this 
study,  the  beginning  of  the  transition  is  identified  as  the 
point  of  minimum  skin  friction  coefficient,  or  lowest  Stan¬ 
ton  number,  and  the  end  of  the  transition  as  the  point  of 
maximum  skin  friction  coefficient,  or  highest  Stanton 
number,  immediately  following  the  rise.  Based  on  these 
criteria,  the  onset  of  transition  occurred  at  approximately 
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Figure  6.  Skin  friction  coefficient  and  centerline  Stanton 
number  distributions.  The  correlations  are  from  Kays  and 
Crawford  [27]. 


Rex  =  5.5  X  105  (Regj  =  1294,  Re52  -  492),  and  the  end 
of  transition  occurred  at  approximately  Rex  =  1.12  X  106 
(Refii  —  1826,  Re^  =  1302)  (Table  1).  Cf  exceeds  the  tur¬ 
bulent  correlation'by  4%  at  Rex  =  1.12  X  106  (early  tur¬ 
bulent  flow). 

The  Stanton  number  measurements  are  overlaid  in  Fig. 
6  with  the  skin  friction  coefficient.  The  Stanton  number 
asymptotically  approaches  the  turbulent  correlation  rather 
than  “overshooting”  the  turbulent  correlation,  which,  as  is 
seen  in  the  Cf  values,  results  in  a  breakdown  of  the 
Reynolds  analogy  factor  (2  St/Cf)  in  the  early  turbulent 
region.  As  shown  in  Fig.  7,  the  value  of  2  St/Cf  dips 
below  the  typical  value  for  turbulent  boundary  layers  in 
the  late  transition  region  ( x  =  120  cm).  The  value  for  2 
St/Cf  is  approximately  0.9  at  station  9  and  slowly  ap¬ 
proaches  the  fully  turbulent  value  as  the  flow  progresses 
downstream.  This  is  consistent  with  the  2  St/Cf  value  of 
0.8  obtained  by  Wang  [18]  in  the  late  transition  and  early 
turbulent  regions. 

The  onset  of  transition  was  observed  earlier  than  in 
previous  studies,  as  shown  in  Fig.  8.  For  an  FSTI  value  ol 
0.5%,  the  predicted  Re^  for  transition  onset  ranges  be¬ 
tween  615  from  the  Mayle  [3]  correlation  to  771  from  the 


Table  1.  Reynolds  Numbers  at  Onset  and  End  of  Transition 


FSTI  at  Xs 

0.5% 

LL  (m/s) 

Onset  of  transition 

12.24 

x  (cm) 

68 

Re*s 

5.5  X  10s 

Re5, 

1294 

Refi2 

492 

End  of  transition 

x  (cm) 

137 

Rexe 

11.2  X  106 

1826 

R  es2 

Length  of  transition 

1302 

x  (cm) 

69 

Re* 

5.7  x  105 

Re5i 

532 

Re«2 

810 
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Figure  7.  Reynolds  analogy  factor,  2  St/Cf,  distribution. 
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Abu-Ghannam  and  Shaw  correlation  [19].  The  value  ob¬ 
tained  in  this  experiment,  Re0s  =  492,  falls  below  this 
range.  However,  the  results  of  Blair  [20]  for  an  FSTI  of 
0.17%  and  of  Kim  [21]  for  an  FSTI  of  0.3%  also  fall 
considerably  below  each  of  the  prediction  schemes.  Since 
extensive  efforts  were  made  to  minimize  the  possible 
effects  of  extraneous  variables,  factors  other  than  FSTI 
must  influence  transition  onset.  This  reinforces  the  simi¬ 
lar  conclusion  made  by  Volino  and  Simon  [22].  Abu- 
Ghannam  and  Shaw  [19]  proposed  a  correlation  for  the 
end  of  transition  of  the  form  ReflE  —  2.667  Re0s.  This 
correlation  is  also  shown  in  Fig.  8.  The  Re0E  value  of  1302 
determined  for  the  baseline  case  is  within  1%  of  the  result 
calculated  using  the  Abu-Ghannam  and  Shaw  correlation. 
This  earlier  transition  did  not  seem  to  affect  the  flow  and 
thermal  structures  presented  in  this  paper. 

Boundary  Layer  Integral  Parameters 

The  boundary  layer  thickness  and  integral  parameters  are 
shown  in  Fig.  9  along  with  the  appropriate  laminar  and 
turbulent  solutions.  The  turbulent  solutions  have  been 
adjusted  to  account  for  the  virtual  origin  of  the  turbulent 
boundary  layer  beginning  at  jcs.  The  boundary  layer  thick¬ 
ness  observed  in  Fig.  9  can  be  explained  using  this  ap¬ 
proach.  The  boundary  layer  thickness  follows  the  laminar 
boundary  layer  values  up  to  the  point  of  transition  and 


then  follows  the  turbulent  boundary  layer  values  (begin¬ 
ning  at  xs )  beyond  this  point.  It  is  interesting  to  note  that 
the  boundary  layer  development  of  the  transitional  flow 
fits  that  of  the  turbulent  flow  after  the  effect  of  a  virtual 
origin  is  incorporated.  Dhawan  and  Narasimha  [23]  ob¬ 
served  a  similar  result. 

The  displacement  thickness,  however,  is  seen  to  have  a 
different  development.  It  follows  the  laminar  solution  up 
through  the  end  of  transition,  but  when  the  flow  becomes 
fully  turbulent  at  station  9  (x  =  137  cm),  the  displacement 
thickness  begins  to  increase  and  is  approximately  5% 
higher  than  the  turbulent  values  for  stations  10-13.  The 
shape  factor  H  is  observed  to  drop  rapidly  through  the 
transition  region  and  to  reach  a  constant  value  of  approxi¬ 
mately  1.40  by  station  9,  which  is  8.5%  higher  than  the 
turbulent  value  of  1.29  predicted  by  the  1/7  power  law. 

Streamwise  Velocity  Fluctuations  (u'2) 

The  streamwise  evolution  of  Reynolds  normal  stresses  can 
be  related  to  the  evolution  of  u’,  as  shown  in  Fig.  10, 
which  is  comparable  with  those  documented  by  Wang  et 
al.  [24],  Kim  et  al.  [25],  and  Kuan  and  Wang  [17].  To  avoid 
repeating  lengthy  discussions,  a  brief  description  is  out¬ 
lined  below.  Stations  3  and  4  are  laminar.  The  peaks  in 
the  u’  profiles  indicate  an  amplifying  sinusoidal  instability 
wave  that  is  not  turbulence.  The  appearance  of  a  near-wall 
peak  at  station  5  (Re*  =  6.13  X  105)  indicates  that  the 
flow  was  undergoing  transition.  The  peak  value  of  w'/LL 
within  the  boundary  layer  grew  rapidly,  and  the  location 
of  the  peak  moved  closer  to  the  wall  as  the  flow  developed 
downstream  in  the  transition  region.  The  peak  reached  a 
maximum  of  17.5%  at  y/8x  =  0.05  at  station  7  (Re*  = 
8.47  X  105).  Beyond  this  point,  the  magnitude  of  the  first 
peak  diminished,  but  the  location  of  the  peak  moved 
closer  to  the  wall.  A  second  peak  can  be  observed  at 
station  8  around  y/8x  =  2.  For  a  more  detailed  discussion 
of  streamwise  Reynolds  normal  stress,  see  Kuan  and  Wang 
[17]  or  Kuan  [26],  where  an  in-depth  analysis  employing  a 
conditional  sampling  technique  was  used  to  separate  the 
intermittent  effect  from  the  real  turbulence  in  the  turbu¬ 
lent  spots. 
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Figure  9.  Boundary  layer  integral 
parameters. 
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Cross-Stream  Velocity  Fluctuations  (v ' 2) 

The  evolution  of  v'  in  Fig.  11  was  very  similar  to  that  of 
u '  shown  in  Fig.  10.  The  near-wall  peak  reached  a  maxi¬ 
mum  of  4.5%  at  station  8,  which  is  downstream  of  where 
the  u'  peak  reached  its  maximum.  The  main  difference 
between  u '  and  v'  is  that  uf  decreased  very  quickly 
downstream  from  the  maximum  value,  whereas  the  peak 
value  of  v'  decreased  only  a  small  amount,  to  4%,  and 
maintained  that  value  into  the  turbulent  flow  region.  A 
second  peak  was  also  seen  in  the  v'  profile  at  station  7  at 
around  y/8x  =  1. 

Reynolds  Shear  Stress  ( Trv ) 

As  shown  in  Fig.  12,  in  the  early  transition  at  station  5  the 
peak  of  the  turbulent  shear  (uv),  which  occurred  at 
y/8  =  0.2,  was  about  40%  of  the  wall  shear  (w*2).  At 
station  6,  the  peak  of  the  turbulent  shear  moved  outward 


to  y/8  =  0.3,  with  a  value  larger  than  the  wall  shear.  The 
peak  of  uv ,  still  staying  at  around  y/8  =  0.3,  continued  to 
grow  to  a  maximum  at  station  7  of  about  _twice  the 
magnitude  of  the  wall  shear.  The  magnitude  of  uv  decayed 
after  station  7  across  the  whole  boundary  layer  and 
reached  equilibrium  between  stations^  and  13.  In  order 
to  see  more  clearly  the  behavior  of  uv  near  the  wall,  four 
selected  uv  profiles  at  stations  4,  7,  8,  and  13  have  been 
replotted  in  wall  coordinates  (7+)  in  Fig.  13.  An  almost 
constant  turbulent  shear  stress  appears  in  a  region  of 
20-40  at  station  4.  This  indicates  that  the  turbulent 
shear  communicated  well  near  the  wall  in  the  boundary 
layer  in  the  early  stage  of  the  transition  when  the  turbu¬ 
lence  production  was  not  high.  Somehow,  this  communica¬ 
tion  could  not  keep  up  with  the  vigorous  generation  of 
turbulent  shear  stress  that  occurred  around  Y+~  70-100 
at  station  7.  The  localized  high  shear,  with  a  magnitude 
twice  that  of  the  wall  shear,  took  a  little  while  to  commu¬ 
nicate  with  the  wall  until  a  relatively  uniform  distribution 
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Figure  10.  Streamwise  velocity  fluctuation 
profiles. 
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Figure  11.  Cross-stream  velocity  fluctuation  distributions. 

of  uv  in  y+=  70-100  could  be  seen  at  station  8.  This 
constant  uv  region  became  more  uniformly  distributed 
and  stretched  to  a  wider  region  (Y+=  20-200)  at  station 
13.  The  magnitude  of  maximum  uv/u*1  decreased  from 
1.8  at  station  7,  through  1.2  at  station  8,  to  finally  about 
0.9  at  station  13.  This  whole  sequence  of  turbulent  shear 
development  indicates  that  the  turbulent  shear  actually 
imposes  itself  on  the  wall  shear  from  a  region  away  from 
the  wall.  Although  locally  the  turbulent  shear  stress  di¬ 
minishes  near  the  wall,  the  turbulent  shear  stress  pro¬ 
duced  within  the  boundary  layer  is  able  to  influence  the 
mean  velocity  profile  through  the  turbulence  diffusion  and 
local  momentum  balance  such  that  the  molecular  shear  at 
the  wall  is  adjusted  to  be  approximately  equal  to  the 
turbulent  shear.  This  is  evidenced  by  the  near-wall  region 
of  constant  turbulent  shear  stress  over  the  friction  velocity 
ratio  at  about  0.9  at  station  13  in  Fig.  13. 

The  phenomena  described  above,  which  indicate  that 
the  boundary  layer  Reynolds  shear  stress  in  the  transi¬ 
tional  region  is  greater  than  the  wall  shear  stress,  can 
be  further  verified  by  integrating  the  mean  flow  govern¬ 
ing  equations.  Assuming  that  the  mean  flow  is  two- 
dimensional  in  the  transitional  region  at  a  zero  pressure 
gradient,  the  mean  flow  governing  equations  are 

dU  dV 

dx  dy 


dU  dU  dr 
pU —  +  pV—  -  —  ■ 
H  dx  dy  dy 
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Figure  12.  Reynolds  shear  stress  distributions. 

In  these  equations,  U  and  V  are  the  mean  streamwise  and 
cross-stream  velocities  and  r  is  the  total  shear  stress 
contributed  by  both  the  molecular  shear  stress  and  the 
Reynolds  shear  stress. 

Equation  (2)  —  pU  X  Eq.  (1)  gives 


Figure  13.  Reynolds  shear  stress  distributions  in  wall  coordi¬ 
nates. 


Integration  of  Eq.  (3)  from  zero  to  any  y  location  gives 

By  applying  l’Hospital’s  rule  and  the  continuity  equation, 
it  can  be  shown  that  V/U  -*  0  as  y  ->  0. 

In  the  transitional  boundary  layer  region,  the  mean 
velocity  profile  changes  from  a  laminar  profile  to  a  turbu¬ 
lent  profile,  so  U  increases  in  the  near-wall  region  along 
the  downstream  direction  (e.g.,  dU/dx  >  0).  Therefore, 
from  the  continuity  equation,  dV/dy  <  0.  Since  V  is  zero 
at  the  wall,  there  is  a  negative  V  region  close  to  the  wall. 
Also,  V/U  approaches  zero  as  it  moves  toward  the  wall, 
and  U  is  positive  in  the  boundary  layer,  so  \V/U\  de¬ 
creases  close  to  the  wall.  Furthermore,  the  integration  in 
Eq.  (4)  is  positive  in  this  near-wall  region  because  both 
-U2  and  V/U  are  negative.  Therefore,  the  total  shear 
stress  r  should  increase  away  from  the  wall  in  the  near-wall 
region  of  the  boundary  layer.  With  the  fact  that  the 
molecular  shear  stress  decreases  away  from  the  wall,  the 
Reynolds  shear  stress  increases  away  from  the  wall  and 
can  become  larger  than  the  wall  shear  stress. 

Mean  Temperature 

The  mean  temperature  profiles  are  plotted  in  wall  coordi¬ 
nates  of  T+  vs.  Y+  in  Fig.  14,  along  with  three  correla¬ 
tions:  (1)  the  laminar  solution  for  uniform  heat  flux  with 
the  effect  of  unheated  starting  length,  (2)  the  conduction 
layer  distribution  T+=  Pr  7+,  and  (3)  the  turbulent  tem¬ 
perature  “law  of  the  wall”: 


from  Kays  and  Crawford  [27],  The  evolution  of  the  mean 
temperature  profile  in  a  transitional  flow  is  similar  to  the 
mean  velocity  profile,  although  subtle  differences  exist.  In 
Fig.  5,  the  mean  velocity  profile  becomes  fully  turbulent 
between  stations  9  and  13,  whereas  the  mean  temperature 
profiles  are  still  changing,  as  shown  in  Fig.  13.  This  indi¬ 
cates  a  lag  in  the  development  of  the  mean  temperature 
compared  to  the  mean  velocity  profiles.  This  would  sup¬ 
port  the  observation  made  earlier  in  Fig.  7  that  a  break¬ 


down  of  the  Reynolds  analogy  occurs  in  the  late  transition 
and  early  turbulent  regions.  Similar  observations  were 
made  by  Blair  [20]  and  by  Wang  et  al.  [24]. 

RMS  Temperature  Fluctuation  (*') 

The  evolution  of  the  rms  temperature  fluctuation  normal¬ 
ized  by  the  temperature  difference  Tw  -  Tx  is  presented 
in  Fig.  15.  At  about  station  5  (Rex  =  6.13  X  105),  the 
profile  shows  the  appearance  of  a  near-wall  peak,  indicat¬ 
ing  the  onset  of  transition.  The  near-wall  peak  grew 
sharply  as  the  transition  proceeded,  reached  a  maximum 
of  about  0.11  at  station  7,  and  then  decayed.  A  secondary 
peak  appeared  at  y/8  «  0.5  at  station  6  (Rqx  -  7.43  X 
105).  This  secondary  peak  was  also  observed  by  Sohn  et  al. 
[5],  although  they  did  not  observe  the  near-wall  peak.  The 
trend  of  /'  is  very  similar  to  the  u'  profiles  in  the  appear¬ 
ance  of  a  near-wall  peak  and  a  secondary  peak.  As  the 
transition  proceeded  further  downstream,  the  location  of 
the  near-wall  peak  moved  closer  to  the  wall  and  the 
magnitude  of  the  secondary  peak  was  reduced.  At  the 
later  stages  of  transition,  the  t*  profile  asymptotically 
attained  some  kind  of  similarity.  This  observation  indi¬ 
cates  a  similarity  between  the  t'  and  the  u’  profiles, 
except  that  the  t '  profiles  have  a  less  steep  slope  outward 
from  the  peak  and  show  a  broader  plateau  before  the  t ' 
falls  off  in  the  outer  boundary  layer. 

Reynolds  Heat  Fluxes  (vF  and  ui) 

One  of  the  primary  aims_of  this_study  was  to  measure  the 
Reynolds  heat  fluxes,  vt  and  ut.  However,  accurate  vt 
measurements  in  the  transitional  boundary  layer  are  dif¬ 
ficult.  Due  to  the  thin  transitional  boundary  layer  in  the 
present  experimental  rig,  the  measurements  of  Ui  are 
extremely  uncertain  and  the  results  are  under  investiga¬ 
tion  (see  detailed  discussions  in  [11,  12,  28]).  Therefore, 
only  the  results  in  the  late  transition  and  early  turbulent 
boundary  layer,  normalized  by^  the  wall  heat  flux,  are 
shown  in  Fig.  16.  Unlike  the  uv  distribution,  there  is  no 
region  of  constant  heat  flux  across  the  boundaiy  layers. 

Despite  the  difficulty  in  accurately  measuring  Ui  in  the 
transitional  boundary  layer,  the  measurements  of  ui  are 
clean  and  without  any  ambiguities  because  the  value  of  u 
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Figure  15.  Streamwise  evolution  of  rms  temperature  profiles. 


is  normally  one  order  of  magnitude  larger  than  v.  The 
results  of  the  negative  streamwise  Reynolds  heat  flux, 
~Tuy  normalized  by  the  wall  heat  flux  are  shown_in  Fig. 
17.  In  the  late  laminar  flow  (stations  3  and  4),  -  ut  had  a 
maximum  value  in  the  magnitude  of  the  wall  heat  flux  at 
about  y  «  0.455.  This  indicates  that  some  turbulent  trans¬ 
port  of  heat  flux  had  occurred  in  the  late  laminar  region. 
Once  the  flow  entered  the  transitional  region,  -  ut  in¬ 
creased  dramatically  to  a  maximum  of  about  17  times 
greater  than  the  wall  heat  flux  at  stations  6  and  7  and  then 
decreased  at  the  outer  boundary  layer.  A  comparison 
between  stations  6  and  7  shows  that  the  near-wall  peak 
maintained  the  same  magnitude  for  both  stations  but  that 
station  6  had  a  higher  value  of  —  ut  in  the  outer  boundary 


Figure  16.  Cross-stream  Reynolds  heat  flux  distributions. 


layer.  Stations  8  and  9,  in  the  late  transitional  region,  both 
show  a  near-wall  peak  and  a  secondary  peak  at  about 
y  =  0.45,  which  is  close  to  the  local  maximum  of  stations  3 
and  4.  From  station  10  to  station  13,  the  flow  gradually 
reached  equilibrium  outward  from  the  wall  in  the  turbu¬ 
lent  flow. 

Eddy  Diffusivities  and  Turbulent  Prandtl  Number 

The  eddy  viscosity  and  the  turbulent  thermal  diffusiv- 
ity  eH  normalized  by  their  molecular  counterparts  are 
shown  in  Fig.  18.  Note  that  each  station  is  plotted  on  a 
different  scale.  Both  eM/v  and  eH/a  have  finite  values 
much  beyond  the  boundary  layer  thickness.  This  indicates 
that  the  turbulent  shear  stress  layer  and  the  turbulent 
heat  flux  layer  were  thicker  than  the  velocity  and  thermal 
boundary  layers.  After  station  8,  £M  showed  a  distinctive 
peak  near  y/8  =*  0.3-0.4,  and  the  peak  remained  at  that 
location  downstream.  However,  sH/a  did  not  show  such 
a  distinctive  peak.  The  different  distributions  of  sm/  v 
and  sH/a  reflect  the  disparity  between  the  turbulent 
momentum  and  the  thermal  transport  mechanism  in  the 
transitional  boundary  layer.  The  values  for  both  eM/v 
and  eH/a  increased  continuously  downstream,  with  sM/v 
having  much  higher  values  than  sH/a.  The  maximum 
values  at  station  13  for  eM/v  and  sH/a  were  about  50 
and  20,  respectively. 

The  value  of  Prt  in  the  outer  boundary  layer  (y/5  > 
0.2)  is  greater  than  the  value  of  0.9  typically  used  in 
modeling  transitional  flow,  although  it  is  still  of  magnitude 
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Figure  17.  Streamwise  Reynolds  heat  flux  distributions. 
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Figure  18.  Streamwise  evolution  of  eddy  viscosity,  diffusivity, 
and  turbulent  Prandtl  number  profiles. 


unity.  In  the  near  wall  region,  the  value  of  Prt  is  much 
higher  than  1. 


quantities  of  the  flow  and  temperature  fields  in  the 
boundary  layer.  The  results  show  that  the  evolution  of  v' 
is  faster  than  that  of  u‘.  v’  reaches  an  asymptotic  distri¬ 
bution  across  the  boundary  layer  in  the  middle  of  the 
transition  and  maintains  that  value  through  the  end 
of  transition  and  into  the  turbulent  region,  whereas  w' 
reaches  a  maximum  in  the  middle  of  the  transition  region 
and  decrease^  into  the  turbulent  flow  region.  The  evolu¬ 
tion  of  the  uv  profiles  in  the  transitional  flow  indicates 
that  turbulent  shear  was  generated  in  the  region  of  Y+  = 
70-100  and  gradually  changed  the  mean  velocity  profile 
near  the  wall  by  imposing  itself  on  the  wall  within  the 
boundary  layer.  _ 

The  streamwise  Reynolds  heat  flux,  ut,  can  be  as  high  as 
17  times  greater  flian  the  wall  heat  flux  in  the  transitional 
boundary  layer,  vt ,  eH ,  eM ,  and  Prt  were  measured  near 
the  end  of  transition  and  in  the  low  Reynolds  number 
turbulent  flow  region.  Both  the  turbulent  shear  stress 
layer  and  the  turbulent  heat  flux  were  measured  to  be 
much  thicker  than  the  velocity  and  thermal  boundary 
layers.  Prt  is  shown  to  increase  beyond  a  typical  value  of 
0.9  as  the  wall  is  approached.  The  Reynolds  analogy  factor 
(2  St/Cf)  in  the  early  turbulent  flow  region  is  approxi¬ 
mately  0.9,  which  is  lower  than  the  typical  turbulent  flow 
value  1.2. 

The  difference  in  the  distribution  of  eM  and  eH  re¬ 
flects  the  apparent  disparity  between  the  turbulent  mo¬ 
mentum  and  the  thermal  transport  mechanisms  in  the 
transitional  boundary  layer.  The  physics  of  this  should  be 
incorporated  into  transitional  flow  models  when  computa¬ 
tional  methods  are  used. 
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UNCERTAINTY 

The  uncertainty  analysis  of  the  three-wire  probe  was  per¬ 
formed  by  Keller  [12].  The  largest  contribution  to  the 
uncertainty  of  uv  and  u '  was  from  the^  yaw  factor.  The 
total  uncertainty  was  about  12%  for  uv  and  7%  for  u' . 
The  uncertainty  values  for  the  other  parameters  are  shown 
in  Table  2. 


CONCLUSION 

A  three-wire  probe  was  designed  and  custom  made  for  the 
measurement  of  Reynolds  stresses  and  heat  fluxes  in  a 
transitional  boundary  layer.  Two  of  the  three  wires,  which 
were  used  for  measuring  velocities,  were  operated  hot  in  a 
constant-temperature  mode.  The  third  wire,  which  mea¬ 
sured  temperature,  was  operated  cold  (low  overheat)  in  a 
constant-current  mode.  In  addition  to  the  skin  friction 
coefficient  and  Stanton  number  on  the  surface,  detailed 
measurements  were  made  of  the  mean  and  fluctuation 


NOMENCLATURE 

Cf  skin  friction  coefficient  [  =  rw/(  pUj/2)], 
dimensionless 
Cp  specific  heat,  J/g-k 
C  static  pressure  coefficient  [=(/>- 
Prcf)/pU2l  dimensionless 
FSTI  free-stream  turbulence  intensity  (=  [(w2  + 
v2  +  tv2)/3]1/2/UJ,  percent 
Prt  turbulent  Prandtl  number 

(=  {M/{dU/dy)]/{vt/{dT/dy)\\ 
dimensionless 
q"  heat  flux,  watt/m2 
St  Stanton  number  [=  q" /pC^UST*  -  TJ], 
dimensionless 

t  fluctuation  in  temperature,  K 
T  instantaneous  temperature,  K 


Table  2.  Uncertainties  of  U,  7\  u\  v\  t\  uv ,  ut,  and  vt  in  the  Transitional  Region 

Parameter  U  (f-  Tj  /  (Tw  -  Tj  u'  Vf  t9 /(fw  -  TJ  uv  Tit  Vt 
Uncertainty  (%)  3.5  L7  3.6  8 A  L8  15.0  3.7  204 
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T  mean  temperature,  K 
t '  rms  value  of  temperature  fluctuations,  K 
u.  r  instantaneous  velocity  fluctuations  in 

streamwise  and  cross-stream  directions,  m/s 
u\vf  rms  values  of  velocity  fluctuations,  m/s 
u*  friction  velocity  (=  yjr^/p ),  m/s 
ui  streamwise  Reynolds  heat  flux,  mk/s 
uv  Reynolds  shear  stress,  m2/s2 
Z 7  cross-stream  Reynolds  heat  flux  mk/ s 
U  instantaneous  velocity,  m/s 
U  mean  streamwise  velocity,  m/s 
U+  (=  U/u*),  dimensionless 
X0  unheated  starting  length,  m 
xs  onset  of  transition,  m 
Y+  ( =  yu*/v),  dimensionless 
Greek  Symbols 

S  boundary  layer  thickness  at  0.995LL  m 

51  displacement  layer  thickness,  m 

52  momentum  layer  thickness,  m 

sH  turbulent  (or  eddy)  thermal  diffusivity,  m2/s 
eM  turbulent  (or  eddy)  viscosity,  m2/s 
p  density,  kg/m3 
rw  shear  stress  on  the  wall,  N/m2 
A  integral  length  scale 

(=  U}q  u(t)u(t  T  r)/u2  dr\  m 
T  intermittency,  dimensionless 
Subscripts 

w  at  the  wall 
oo  in  the  free  stream 

REFERENCES 

1.  Graham,  R.  W.,  Fundamental  Mechanisms  that  Influence  the 
Estimate  of  Heat  Transfer  to  Gas  Turbine  Blades,  79-HT-43, 
ASME,  New  York,  1979. 

2.  Graham,  R.  W.  (Ed.),  Transition  in  Turbines ,  Symposium  Proceed¬ 
ings,  NASA  CP-2386,  1984. 

3.  Mayle,  R.  E.,  The  Role  of  Laminar-Turbulent  Transition  in  Gas 
Turbine  Engines,  J.  Turbomach.  113,  509-537,  1991. 

4.  Kim,  J.,  Simon,  T.  W.,  and  Kestoras,  M.,  Fluid  Mechanics  and 
Heat  Transfer  Measurements  in  Transitional  Boundary  Layers 
Conditionally  Sampled  on  Intermittency,  ASME  J .  Turbomach . 
116,  405-416,  1994. 

5.  Sohn,  K.  H.,  Reshotko,  E.,  and  Zaman,  K.  B.  M.  Q.,  Experimen¬ 
tal  Study  of  Boundary  Layer  Transition  on  a  Heated  Flat  Plate, 
FED-114,  ASME,  New  York,  167-172,  1991. 

6.  Zhou,  D.,  and  Wang,  T.,  Effects  of  Elevated  Free-Stream  Turbu¬ 
lence  on  Flow  and  Thermal  Structures  in  Transitional  Boundary 
Layers,  93-GT-66,  ASME,  New  York,  1993;  also  in  ASME  J. 
Turbomach .  117,  407-417,  1995. 

7.  Keller,  F.  J.,  and  Wang,  T.  W.,  Flow  and  Heat  Transfer  Behavior 
in  Transitional  Boundary  Layers  with  Streamwise  Acceleration, 
94-GT-24,  ASME,  New  York,  1994;  also  to  appear  in  ASME  J . 
Turbomach.  1996. 

8.  Mislevy,  S.  P.,  and  Wang,  T.,  The  Effects  of  Adverse  Pressure 
Gradients  on  Momentum  and  Thermal  Structures  in  Transitional 
Boundary  Layers:  Part  1:  Mean  Quantities;  Part  2:  Fluctuation 
Quantities,  95-GT-4  and  95-GT-5,  ASME,  New  York,  1995. 

9.  Pinson,  M.,  and  Wang,  T.,  Effects  of  Leading- Edge  Roughness 
on  Fluid  Flow  and  Heat  Transfer  in  the  Transitional  Boundary 
Layer  over  a  Flat  Plate.  94-GT-326,  ASME,  New  York,  1994. 

10.  Blair,  M.  F.,  Bailey,  D.  A.,  and  Schlinker,  R.  H.,  Development  of 


a  Large-Scale  Wind  Tunnel  for  the  Simulation  of  Turbomachin¬ 
ery  Airfoil  Boundary  Layers,  Trans.  ASME  103,  678-687,  1981. 

11.  Shome,  B.,  Development  of  a  Three-Wire  Probe  for  the  Mea¬ 
surement  of  Reynolds  Stresses  and  Heat  Fluxes  in  Transitional 
Boundary  Layers,  M.S.  Thesis,  Dept.  Mech.  Eng.,  Clemson  Univ., 
Clemson,  SC,  1991. 

12.  Keller,  F.  J.,  Flow  and  Thermal  Structures  in  Heated  Transitional 
Boundary  Layers  With  and  Without  Streamwise  Acceleration, 
Ph.D.  Dissertation,  Dept.  Mech.  Eng.,  Clemson  Univ.,  Clemson. 
S.C.,  1993. 

13.  Chua,  L.  P.,  and  Antonia,  R.  A.,  Turbulent  Prandtl  Number  in  a 
Circular  Jet,  Int.  J.  Heat  Mass  Transfer  33(2),  331-339,  1990. 

14.  LaRue,  J.  C.,  Deaton,  T„  and  Gibson,  C.  H.,  Measurement  of 
High-Frequency  Temperature,  Rev.  Sci.  Instrum .  46(6),  757-764, 
1975. 

15.  Taylor,  G.  I.,  The  Spectrum  of  Turbulence,  Proc .  Roy.  Soc .,  1937. 
Series  A151,  page  421. 

16.  Blair,  M.  F.,  Influence  of  Free-Stream  Turbulence  on  Turbulent 
Boundary  Layer  Heat  Transfer  and  Mean  Profile  Development, 
Part  I:  Experimental  Data,  J.  Heat  Transfer  105,  33-47,  1983. 

17.  Kuan,  C.  L.,  and  Wang,  T.,  Investigation  of  the  Intermittent 
Behavior  of  a  Transitional  Boundary  Layer  Using  a  Conditional 
Averaging  Technique,  Elxp.  Thermal  Fluid  Sci.  3,  157-170,  1990. 

18.  Wang,  T.,  An  Experimental  Investigation  of  Curvature  and 
Free-Stream  Turbulence  Effects  on  Heat  Transfer  and  Fluid 
Mechanics  in  Transitional  Boundary  Layers,  Ph.D.  Dissertation, 
Dept.  Mech.  Eng.,  Univ.  Minnesota,  Minneapolis,  MN,  1984. 

19.  Abu-Ghannam,  B.  J.,  and  Shaw,  R.,  Natural  Transition  of  Bound¬ 
ary  Layers — The  Effect  of  Turbulence,  Pressure  Gradient  and 
Flow  History,  /.  Mech.  Eng.  Sci.  22,  213-228,  1980. 

20.  Blair,  M.  F.,  Influence  of  Free-Stream  Turbulence  on  Boundary 
Layer  Transition  in  Favorable  Pressure  Gradients,  J.  Eng.  Power 
104,  743-750,  1982. 

21.  Kim,  J.,  Free-Stream  Turbulence  and  Concave  Curvature  Effects 
on  Heated,  Transitional  Boundary  Layers,  Ph.D.  Dissertation, 
Dept.  Mech.  Eng.,  Univ.  Minnesota,  Minneapolis,  MN,  1990. 

22.  Volino,  R.  J.,  and  Simon,  T.  W.,  Bypass  Transition  in  Boundary 
Layers  Including  Curvature  and  Favorable  Pressure  Gradient 
Effects,  ASMEJ.  Turbomach.  117,  166-174,  1995. 

23.  Dhawan,  S.,  and  Narasimha,  P.,  Some  Properties  of  Boundary 
Layer  Flow  during  the  Transition  from  Laminar  to  Turbulent 
Motion,  J.  Fluid  Mech.  3,  418-436,  1958. 

24.  Wang,  T.,  Simon,  T.  W.,  and  Buddhavarapu,  J.,  Heat  Transfer 
and  Fluid  Mechanics  Measurements  in  Transitional  Boundary 
Layer  Flows,  ASME  J.  Turbomach.  109(3),  443-452,  1987. 

25.  Kim.  J.,  Simon,  T.  W.,  and  Kestoras,  M.,  Fluid  Mechanics  and 
Heat  Transfer  Measurements  in  Transitional  Boundary  Layers 
Conditionally  Sampled  on  Intermittency,  Int.  J.  Heat  Mass  Trans¬ 
fer  3,  133-154,  1989. 

26.  Kuan,  C.  L.,  An  Experimental  Investigation  of  Intermittent  Be¬ 
havior  in  the  Transitional  Boundary  Layer,  M.S.  Thesis,  Dept. 
Mech.  Eng.,  Clemson  Univ.,  Clemson,  SC,  1987. 

27.  Kays,  W.  M.,  and  Crawford,  M.  E.,  Convective  Heat  and  Mass 
Transfer ,  McGraw-Hill,  New  York,  1993. 

28.  Wang,  T.,  Keller,  F.  J.,  and  Zhou,  D.,  Experimental  Investigation 
of  Reynolds  Shear  Stresses  and  Heat  Fluxes  in  a  Transitional 
Boundary  Layer,  Fundamental  and  Applied  Heat  Transfer  Re¬ 
search  for  Gas  Turbine  Engines  (ASME  HTD  226)  pp.  61-70, 
1992. 

29.  Rued,  K.,  and  Wittig,  S.,  Free-Stream  Turbulence  and  Pressure 
Gradient  Effects  on  Heat  Transfer  and  Boundary  Layer  De¬ 
velopment  on  Highly  Cooled  Surfaces,  J.  Turbomach.  107, 
1007-1015,  1985. 

30.  McDonald,  H.,  and  Fish,  R.  W.,  Practical  Calculations  of  Transi¬ 
tional  Boundary  Layers,  Int.  J.  Heat  Mass  Transfer  16,  1729-1744. 


Received  July  9,  1994;  revised  October  5,  1995 


0.  Zhou 
J.  Wang 


Effects  of  Elevated  Free-Stream 
Turbulence  on  Flow  and  Thermal 
Structures  in  Transitional 
Boundary  Layers 


Department  of  Mechanical  Engineering, 
Clemson  University, 
Clemson,  SC  29634-0921 


The  effects  of  elevated  free-stream  turbulence  on  flow  and  thermal  structures  in  trans¬ 
itional  boundary  layers  were  investigated  experimentally  on  a  heated  flat  plate.  Detailed 
boundary  layer  measurements  using  a  three-wire  probe  and  wall  heat  transfer  were 
made  with  free-stream  turbulence  intensities  of  0.5,  3.8,  5.5,  and  6.4  percent,  re¬ 
spectively.  The  onset  of  transition,  transition  length,  and  the  turbulent  spot  formation 
rate  were  determined.  The  statistical  results  of  the  streamwise  and  cross-stream  velocity 
fluctuations,  temperature  fluctuation,  Reynolds  stresses,  and  Reynolds  heat  fluxes  were 
presented.  The  eddy  viscosity,  turbulent  thermal  diffusivity,  and  the  turbulent  Prandtl 
number  were  calculated  and  related  physical  mechanisms  are  discussed. 


Introduction 

One  of  the  key  factors  in  improving  the  prediction  of  the 
thermal  load  on  gas  turbine  blades  is  to  improve  the  under¬ 
standing  of  the  momentum  and  thermal  transports  during  the 
laminar-turbulent  transition  process  (Graham,  1979,  1984; 
Mayle,  1991).  As  much  as  50-80  percent  of  the  surface  of  a 
typical  turbine  blade  is  commonly  covered  by  flow  undergo¬ 
ing  transition  (Turner,  1971).  Transition  from  laminar  to 
turbulent  boundary  layer  flow  significantly  increases  the  local 
wall  shear  stresses  and  the  convective  heat  transfer  rates. 
These  increases  must  be  appropriately  factored  into  the 
design  of  gas  turbine  blades.  Unsatisfactory  prediction  of  the 
location  and  streamwise  coverage  of  transition  on  gas  turbine 
blades  can  result  in  either  reduced  longevity  and  reliability  of 
the  blade  or  engine  performance  below  design  objectives.  In 
gas  turbine  environments,  one  of  the  most  important  factors 
controlling  the  transition  process  is  elevated  free-stream  tur¬ 
bulence  intensity  (FSTI).  Measurements  of  FSTI  at  the  inlet 
of  the  turbine  show  values  of  5  to  10  percent  due  to  the 
disturbances  from  the  upstream  conditions.  Turbulence  in 
the  wakes  following  the  trailing  edges  of  the  vanes  can  be  as 
high  as  15  to  20  percent  (Mayle,  1991).  Very  few  experiments 
have  been  conducted  to  examine  transition  at  such  FSTI 
levels. 

At  low  FSTI  levels,  boundary  layer  transition  begins  with  a 
weak  instability  in  the  laminar  boundary  layer  and  proceeds, 
through  various  stages  of  amplified  instability,  to  fully  turbu¬ 
lent  flow  (Schubauer  and  Skramstad,  1948;  Klebanoff  et  a!., 
1962).  The  critical  Reynolds  number,  above  which  the  selec- 
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five  amplification  of  the  two-dimensional  infinitesimal  distur¬ 
bances  may  occur,  and  the  growth  rates  of  the  amplified 
disturbances,  can  be  predicted  by  linear  instability  theory.  At 
high  free-stream  turbulence,  the  amplification  of  linear  insta¬ 
bility  waves  is  bypassed  in  such  a  manner  that  turbulent  spots 
are  directly  produced  within  the  boundary  layer  by  the  influ¬ 
ence  of  the  finite  perturbations,  which  provide  a  nonlinear 
transition  mechanism  (Morkovin,  1969).  Since  linear  instabil¬ 
ity  theory  is  irrelevant  in  this  case,  this  bypass  transition  is 
much  more  difficult  to  analyze  and  is  poorly  understood. 
Even  the  conventional  view  of  a  laminar  boundary  layer  must 
be  modified  or  redefined  in  such  high  FSTI  levels.  Dyban  et 
al.  (1980)  investigated  the  structure  of  laminar  boundary 
layers  that  developed  under  elevated  FSTI  of  from  0.3  to 
25.2  percent.  They  found  a  peak  in  the  rms  streamwise 
velocity  fluctuation  («')  in  the  late-laminar  boundary  layers. 
The  entire  u '  profiles  were  elevated  due  to  the  penetration 
of  the  high  FSTI.  The  maximum  penetration  occurred  for  the 
4.5  percent  FSTI  case.  They  called  the  laminar  boundary 
layers  generated  at  very  high  FSTI  “pseudo-laminar”  to  dis¬ 
tinguish  them  from  both  the  purely  laminar  layer  and  the 
fully  turbulent  layer  that  develops  at  low  turbulence.  Their 
results,  though  interesting,  were  limited  to  the  distribution  of 
disturbances  within  the  laminar  boundary  layer.  The  onset 
and  end  of  transition  for  a  flat  plate  was  investigated  by 
Abu-Ghannam  and  Shaw  (1980)  in  a  low-speed  wind  tunnel 
with  FSTI  ranging  from  0.3  to  5  percent.  Their  results 
showed  that  the  higher  values  of  FSTI  result  in  an  earlier 
transition  and  a  shorter  transition  length.  Suder  et  al.  (1988) 
investigated  the  effects  of  FSTI  ranging  from  0.3  to  5  percent 
on  boundary  layer  transition.  They  observed  linear  growth  of 
the  Tollmien-Schlichting  (T-S)  waves  with  an  FSTI  of  0.3 
percent  and  the  bypass  transition  mechanism  for  an  FSTI  of 
0.65  percent  and  higher.  Their  results  indicated  that  there 
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exists  a  critical  value  of  the  peak  rms  of  the  velocity  fluctua¬ 
tions  within  the  boundary  layer  of  approximately  3  to  jo 
percent  of  the  ffee-stream  velocity.  Once  the  unsteadiness 
within  the  boundary  layer  reached  this  critical  value,  turbu¬ 
lent  bursting  was  initiated,  regardless  of  the  transition  mech¬ 
anism.  More  information  on  transition,  especially  the  bypass 
transition,  can  be  found  in  the  discussion  of  instability  and 
transition  predictability  by  Morkovin  (1978).  Many  other  re¬ 
views  of  boundary  layer  instability  and  transition  can  be 
found  in  the  literature,  e.g.,  Reshotko  (1976),  Tam  (1981), 
and  Narasimha  (1985).  Recently,  Volino  and  Simon  (1995) 
reviewed  published  experimental  data  related  to  the  bypass 
transition  in  boundary  layers  including  curvature  mid  favor¬ 
able  pressure  gradient  effects.  An  extreme  wealth  of  informa¬ 
tion  on  the  role  of  laminar-turbulent  transition  in  gas  tur¬ 
bine  engines  can  be  found  in  Mayle  (1991). 

Studies  of  elevated  free-stream  turbulence  effects  on  heat 
transfer  in  transitional  boundary  layer  flows  are  limited  and 
are  much  less  numerous  than  those  treating  fluid  mechanics. 
Blair  (1982)  conducted  several  tests  with  a  uniformly  heated 
flat  wall  in  accelerated  transitional  boundary  layers  with 
FSTI  ranging  from  approximately  0.7  to  5  percent.  He  con¬ 
cluded  that  the  transition  Reynolds  number  is  relatively 
insensitive  to  acceleration  at  even  moderate  turbulence  levels 
(around  4  percent).  The  results  of  Blair’s  tests  showed  the 
combined  effects  of  FSTI  and  pressure  gradients;  however, 
the  isolated  effects  of  the  elevated  FSTI  alone  were  not 
available.  Wang  et  al.  (1987)  investigated  the  heat  transter 
and  fluid  mechanics  in  transitional  boundary  layers  with  0.68 
and  2.0  percent  FSTI.  They  observed  that  average  turbulent 
Prandtl  number  values  in  the  early  turbulent  flow  are  -0 
percent  higher  than  0.9,  a  value  known  to  apply  to  fully 
turbulent  flow.  This  average  Prandtl  number  is  reduced  as 
FSTI  increases.  Temperature  profiles  in  the  late  transitional 
and  early  turbulent  flows  have  a  thicker  conduction  layer 
than  those  in  fully  turbulent  flow.  This  conduction  thickness 
decreases  as  the  FSTI  level  increases.  They  also  pointed  out 
that  the  effect  of  elevated  FSTI  penetrates  to  very  near  the 


wall  in  the  profiles  of  Reynolds  streamwise  normal  stress 
5)  However,  the  effect  of  elevated  FSTI  on  the  Reynolds 
shear  stress  (-  and  the  mean  velocity  profiles  is  seen, 
predominantly,  in  the  outer  portion  of  the  boundary  layer. 
Kim  et  al.  (1989)  performed  fluid  mechanics  and  heat  trans¬ 
fer  measurements  in  transitional  boundary  layers,  which  were 
conditionally  sampled  on  intermittency  for  wo  different  val¬ 
ues  of  FSTI,  0.32  and  1.79  percent.  The  turbulent  heat  flux 
was  measured  by  using  a  triple-wire  probe.  The  results  showed 
that  a  large  increase  in  turbulent  heat  flux  above  the  wall 
heat  flux  value  occurs  within  the  turbulent  spot,  and  the 
turbulent  Prandtl  numbers  in  the  turbulent  core  region  of  the 
transitional  flow  are  smaller  than  unity.  Contrary  to  the 
results  of  Kim  et  al.,  the  most  recent  experimental  results  ot 
Sohn  and  Reshotko  (1991),  Shome  (1991),  and  Wanget  al. 
(1992)  showed  that  the  cross-stream  heat  fluxes  (ut)  are 
highlv  negative  values  in  the  middle  transitional  region.  The 
layer"  of  negative  ut  becomes  thinner  and  moves  toward  the 
wall  as  the  flow  proceeds  downstream.  Also,  Sohn  and 
Reshotko  reported  that  the  velocity  profiles  were  observed  to 
lag  the  temperature  profiles  during  the  transitional  process 
to  turbulent  flow,  which  is  the  opposite  of  the  observauonsof 
Blair  (1982),  Wang  et  al.  (1987),  and  Kim  et  al.  (1989).  The 
boundary  laver  spectra  in  Sohn  and  Reshhotko’s  report  indi¬ 
cated  selected  amplification  of  T-S  waves  for  0.4  percent 
FSTI  as  predicted  by  linear  instability.  For  0.8  percent  and 
1.1  percent  FSTI,  T-S  waves  are  localized  very  near  the  wall 
and  do  not  plav  a  dominant  role  in  the  transition  process. 

The  present  experimental  study  investigates  boundary  layer 
transition  over  a  heated  flat  plate  with  a  free-stream  turbu¬ 
lence  range  of  from  0.5  to  7  percent.  A  miniature  three-wire 
probe  was  employed  to  measure  both  the  instantaneous 
streamwise,  cross-stream  velocity  components  and  the  tem¬ 
perature  simultaneously.  The  onset  and  end  of  transition 
were  obtained  both  from  the  wall  Stanton  number  measure¬ 
ments  and  from  boundary  layer  flow  and  thermal  structure 
measurements.  The  emphasis  of  this  paper  is  on  the  study  o 
the  evolution  of  Reynolds  shear  stresses  and  heat  fluxes. 


— —  Nomenclature  - — - 

Cf  =  skin  friction  coefficient  -  rw/(  pUj/2) 

C  -  specific  heat 

Ex( f)  =  one-dimensional  spectrum  of  u! 
f  *  frequency 

FSTI  «  free-stream  turbulence  intensity 

n  *  turbulent  spot  production  rate. 

No./s  *  m 

h  =  dimensionless  turbulent  spot  production 
rate  =  nv2/U2 

Pr,  =  turbulent  Prandtl  number  * 
cf  *  heat  flux 

Rex,  Re5. ,  Reff=  Reynolds  numbers  based  on  x,  8*,  and 
d ,  respectively 

St  53  Stanton  number  ®  qfl/[  pCpUjTw  -  Tj] 
t  ~  instantaneous  temperature  fluctuation 
t f  *  rms  value  of  t 
T  -  mean  temperature 
r*  *  mean  temperature  in  wall  units 
-  (Tw  -  T)pCpu*/q*w 

u,  u  =*  instantaneous  streamwise  and  cross- 
stream  velocity  fluctuations 
u',  if  ~  rms  values  of  u  and  v 
a*  *  yfrjp  *  friction  velocity 
U  =  mean  streamwise  velocity 
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U*  *  mean  streamwise  velocity  in  wall  units 

*  U/ u* 

x  *  streamwise  distance  from  leading  edge 
y  m  distance  away  from  the  wail 
Y*  =*»  yu*/v 

a  »  thermal  diffusivity 
8  *  boundary  layer  thickness  at  0.995£4 
3*  »  displacement  boundary  layer  thickness 
eH  -  turbulent  thermal  diffusivity 

=•  —  vt/(dT/dy)  _ 

*  turbulent  viscosity  *  -  uv/(dU/dy ) 

Q  =*  momentum  boundary  layer  thickness 
A f  =  integral  length  scale  _ 

*  O7o«(0“(*  t  r)/u2dr 
v  =*«  kinematic  viscosity 

p  *  density 

<r  =*  turbulent  spot  propagation  parameter 
r  -  shear  stress 

Subscripts 

e  *»  at  transition  end 
5  *  at  transition  start 
w  -  at  the  wall 
oc  a*  in  the  free  stream 
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eddy  viscosity,  turbulent  thermal  diffusivity,  and  turbulent 
Prandtl  number  under  the  influences  of  elevated  FSTI  dur¬ 
ing  the  process  of  laminar- turbulent  transition. 

Experimental  Program 

Wind  Tunnel.  The  present  research  employed  a  two- 
dimensional,  open-circuit,  blowing  type  wind  tunnel.  The 
detailed  description  of  the  design  considerations  and  con¬ 
struction  specifications  was  documented  by  Kuan  (1987)  and 
Kuan  and  Wang  (1990).  Air  is  drawn  through  a  filter  box, 
then  forced  through  two  grids,  a  honeycomb,  a  heat  ex¬ 
changer,  a  screen  pack,  and  a  contraction  nozzle  before 
entering  the  test  section.  The  flow  rate  can  be  adjusted 
steplesslv  from  0 .5  m/s  to  35  m/s  by  a  combination  use  of  an 
inler  damper  and  a  constant- torque,  variable  frequency  mo¬ 
tor  controller.  The  steadiness  of  the  free-stream  velocity  and 
temperature  can  be  maintained  within  1  percent  and  0.5°C 
for  a  24-nour  period,  and  the  uniformity  is  within  0.7  percent 
and  0.1oC,  respectively. 

Test  Section.  The  rectangular  test  section  is  0.15  m  wide, 
2.4  m  long,  and  0.92  m  high  with  an  aspect  ratio  of  6.  The 
large  aspect  ratio  reduces  edge  effects  and  ensures  the  two 
dimensionality  of  the  boundary  layer  flow.  One  of  the  test 
section  walls  served  as  the  test  wall.  The  heat  patch  inside 
the  test  wall  was  constructed  of  a  serpentine  heater  foil 
sandwiched  between  glass  cloth  and  silicon  rubber  sheets.  A 
1.56  mm  thick  aluminum  sheet  was  vulcanized  to  the  front 
surface  of  the  heater  pad  to  ensure  uniformity  of  the  heat 
flax.  A  1.56  mm  polycarbonate  sheet  was  placed  on  the 
aiuminum  surface  to  provide  a  smooth  test  surface  on  which 
the  air  flows  and  measurements  were  taken.  The  surface 
temperature  was  measured  by  184  3  mil  E-type  thermocou¬ 
ples,  which  were  embedded  strategically  inside  the  test  wail 
to  capture  the  spanwise  variation  of  wall  heat  transfer  in  a 
transitional  boundary  layer.  Fourteen  measuring  holes  were 
drilled  along  the  outer  observation  wall  centerline  in  the  test 
section  and  measurements  were  obtained  by  traversing  the 
probe  through  these  holes  into  the  test  section.  Boundary 
layer  suction  was  applied  at  the  leading  edge  of  the  test 
section  so  that  a  near  zero  thickness  boundary  layer  can  be 
achieved  at  the  leading  edge.  The  detailed  construction  con¬ 
sideration  and  description  of  the  heated  test  wall  are  con¬ 
tained  in  Wang  et  aL  (1992)  and  Zhou  (1993). 

Turbulence  Generating  Grids.  The  background  FSTI  of 
this  wind  tunnel  was  about  0-5  percent.  The  higher  turbu¬ 
lence  levels  required  for  this  study  were  generated  by  insert¬ 
ing  various  turbulence  generating  grids  into  the  wind  tunnel. 
The  turbulence  generating  grids  consisted  of  biplane  rectan¬ 
gular  bar  arrays  with  approximately  a  69  percent  open  area 
(Fig  1).  The  grids  were  designed  based  on  the  recommenda¬ 
tion  of  Baines  and  Peterson  (1951)  to  produce  test  section 
turbulence  levels  ranging  from  approximately  3  to  7  percent. 
Grid-generated  turbulence  decays  with  distance  from  the 
grid.  The  decaying  rate  becomes  smaller  when  the  distance 
from  the  grid  increases.  In  order  to  generate  homogeneous 
and  slowly  decaying  turbulence,  the  turbulence  generating 
grids  were  inserted  at  the  entrance  to  the  main  tunnel 
contraction  instead  of  placing  them  at  the  inlet  of  the  test 
section.  The  grids  are  referred  to  as  grids  1,  2,  and  3, 
corresponding  to  mesh  widths.  A/,  of  19.05,  24.13,  and  33.02 
cm,  respectively.  The  test  case  with  only  background  turbu¬ 
lence  (no  grid)  served  as  the  baseline  case. 

Instrumentation  and  Data  Reduction.  A  three-wire  sen¬ 
sor  was  specifically  designed  to  measure  the  instantaneous 
longitudinal  velocity,  cross-stream  velocity,  and  temperature 
simultaneously.  The  development  and  qualification  of  this 
three-wire  sensor  was  described  by  Shome  (1991)  and  Wang 
et  al.  (1992).  Basically,  an  “A”’ array,  consisting  of  gold-plated 


Fig.  1  Grid  configuration 


tungsten  wires  1.0  mm  long  and  2-5  pm  in  diameter,  is  used 
for  velocity  measurement.  The  sensing  length  is  0.5  mm,  and 
is  etched  in  the  center.  The  spacing  between  the  “X”  array  is 
0.35  mm.  The  temperature  sensor  is  a  0.35  mm  long  (with  a 
sensing  length  of  0.35  mm)  and  a  1.2  pm  diameter  unplated 
platinum  wire  placed  in  a  plane  parallel  to  the  plane  of  the 
crossed  wires  and  spaced  0.35  mm  from  the  UX”  array.  To 
allow  for  near-wail  measurement  and  to  reduce  probe  inter¬ 
ference,  the  probe  support  was  bent  at  an  angle  of  10  deg 
from  the  wire  axis.  However,  the  x  wires  are  still  perpendicu¬ 
lar  to  each  other. 

Two  x  wires  were  operated  at  an  overheat  ratio  of  about 
1.2  (hot  wires)  in  the  constant  temperature  mode.  The  1.2 
pm  platinum  wire  was  operated  at  a  very  low  current  of  0.1 
mA  (cold  wire)  in  the  constant  current  mode.  In  order  to 
have  a  sufficiently  extended  length  of  transition  for  detailed 
measurements  on  the  test  wail,  extremely  low  speed  flows 
were  provided  for  elevated  FSTI  cases.  The  unsteadiness, 
which  commonly  occurs  in  low  speed  operations,  was  over¬ 
come  by  a  combined  use  of  the  inlet  fan  damper  and  the 
frequency  controller.  The  typical  overheat  ratio  of  1-5  for  a 
standard  4.5  ju.m  tungsten  wire  was  found  to  significantly 
contaminate  the  cold  temperature  wire.  The  temperature 
wire  reading  had  an  error  of  1(FC  when  the  x  wires  were 
turned  “on”  compared  with  that  when  the  x  wires  were 
turned  “off”  in  the  near-wall  region  in  a  boundary  layer  with 
the  wall  temperature  20°C  above  the  free-stream  tempera¬ 
ture  and  at  the  free-stream  velocity  about  I  m/s.  Therefore, 
relatively  low  overheat  ratios  for  the  x  wires  were  required  in 
order  to  minimize  the  “cross-talk”  between  the  x  wires  and 
the  temperature  sensor.  However,  better  velocity  sensitivities 
for  the  x  wires  required  higher  overheat  ratios.  For  compro¬ 
mise,  an  overheat  ratio  of  about  1.2  was  chosen.  The  method 
of  Chua  and  Antonia  (1990)  was  used  for  correcting  tempera¬ 
ture  contamination  of  the  hot  wires.  Based  on  this  method, 
the  hot-wire  signals  were  corrected  by  using  instantaneous 
temperatures  instead  of  instantaneous  temperature  fluctua¬ 
tions.  At  low  free-stream  velocities,  it  was  found  that  if  the 
flow  direction  deviates  a  very  small  angle,  from  ±45  deg  to 
the  x  wires,  a_significant  change  of  the  results  of  the  Reynolds 
shear  stress  (uu)  and  the  cross-stream  Reynolds  heat  flux  (i/r) 
would  occur.  This  small  flow  angle  was  found  by  assuming 
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that  the  mean  cross-stream  velocity  (V)  is  zero  in  the  free 
stream.  A  typical  flow  angie_  of  3  deg  can  result  in  a  50 
percent  error  in  the  uu  and  ut  measurements  at  free -stream 
velocity  of  2  m/s.  A  TSI  Model  IFA  100  Intelligent  Flow 
Analyzer  system  was  used  as  a  coolant  temperature  ane¬ 
mometer.  'Hie  IFA  100  allows  simultaneous  operation  of  up 
to  four  channels.  A  DISA  M20  temperature  bridge  was  used 
for  operating  the  cold  wire  in  the  constant  current  mode. 
Three  TSI  Model  157  signal  conditioners  were  used  in  the 
external  mode  for  low  pass  filtering  of  all  anemometer  sig¬ 
nals  including  that  from  the  DISA  M20.  An  80386  micropro¬ 
cessor  based,  20  MHz  personal  computer  was  used  as  the 
data  acquisition  controller.  A  MetraByte  DAS-20  multifunc¬ 
tion  high-speed  A/D  data  acquisition  board  was  internally 
installed  In  the  PC.  A  high-speed  data  acquisition  software 
routine,  STREAMER,  was  used  to  stream  digital  input  data 
from  DAS-20  directly  into  the  hard  disk.  The  sampling  rate 
was  2  kHz  and  the  sampling  duration  was  20  seconds. 

The  wall  temperature  measurements  were  performed 
through  a  FLUKE  Model  8842A  5  1/2  digital  multimeter 
with  a  built-in  A/D  converter  and  a  FLUKE  2205A  100- 
channel  switch  controller,  which  allowed  scanning/acquisi¬ 
tion  of  wall  thermocouple  emf  at  various  switching  rates  up 
to  5  channels/second. 

Wail  Stanton  number  was  calculated  from  the  power  sup¬ 
plied  to  the  heated  test  wail  and  the  wall  temperature  mea¬ 
surement.  The  heat  flux  was  corrected  for  the  radiation  loss, 
back,  and  streamwise  conduction  loss.  The  wall  temperature 
was  corrected  for  front  polycarbonate  wall  conduction  ef¬ 
fects,  the  radiation  loss,  back  and  streamwise  conduction 
loss,  compressibility,  recover  effect,  and  relative  humidity. 

The  detailed  instrumentation  description  is  contained  in 
Shome  (1991)  and  Wang  et  al.  (1992). 

Results  and  Discussion 

In  this  experiment,  three  different  sizes  of  grid  were  used 
to  produce  different  free-stream  turbulence  levels  in  the  test 
section.  The  case  with  no  grid  served  as  the  baseline  case. 
The  results  of  the  baseline  case  were  reported  in  a  previous 
paper  by  Wang  et  al.  (1992).  The  FSTI  distributions  along 
the  streamwise  direction  in  the  test  section,  based  on  the 
three  components  of  the  velocity  fluctuation,  are  shown  in 
Fig.  2.  For  the  baseline  case  and  the  grid  1  case,  as  shown  in 
this  figure,  the  FSTI  remains  almost  constant  through  the 
test  section.  For  the  grid  2  and  grid  3  cases,  the  FSTI 
increases  at  first,  to  station  4,  and  then  starts  to  decay.  The 
ratios  of  t//u'  and  w'/u'  in  the  freestream,  as  shown  in  Fig.  3, 
are  not  isotropic  for  the  baseline  and  grid  2  cases,  but  they 
are  near  isotropic  for  the  grid  I  and  3  cases.  The  three 
components  of  the  velocity  fluctuation  and  their  length  scales 
in  the  free  stream  were  documented  in  detail  by  Zhou  (1993). 

The  spectral  distributions  of  u!  in  the  free  stream  for  all 
three  elevated  FSTI  cases  are  similar.  One  representative 


Fig.  3  v/  u',  wf  u'  in  the  free  stream 


Rg.  4  Free-stream  turbulence  spectrum 

case  of  grid  2  is  shown  in  Fig.  4.  The  one-dimensional 
spectrum  Ex(f)  is  normalized  by  the  u'2t  the  integral  length 
scale  Kp  and  the  free-stream  velocity  £4.  The  frequency  /  is 
normalized  by  \f  and  £4.  Also  shown  in  this  figure  is 
Taylor's  one-dimensional  energy  spectrum  (Hinze,  1975).  The 
spectral  distribution  Ex(f)  follows  Taylor's  one-dimensional 
energy  spectrum  in  the  low-frequency  range  and  deviates 
from  it  in  the  high-frequency  range.  In  the  high-frequency 
range,  the  spectrum  Ex(f)  has  a  distinctive  slope  of  -4.  This 
is  consistent  with  the  typical  spectrum  of  grid  generated 
turbulence  (Kistler  and  Vrebalorich,  1966). 

Heat  Transfer.  Three  sets  of  Stanton  number  data  were 
taken  for  each  case  in  each  22-hour  run.  The  first  set  was 
obtained  after  a  12-hour  stabilization  period  followed  by  two 
sets  obtained  at  17  hours  and  22  hours,  respectively.  Between 
these  measurements  of  wall  temperatures,  boundary  layer 
measurements  were  conducted.  The  maximum  variation  in 
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Fig.  6  Friction  coefficient  distribution 


Stanton  numbers  during  a  10-hour  period  was  approximately 
±3  percent  An  uncertainty  analysis  of  the  Stanton  number 
measurement  following  the  procedure  documented  by  Wang 
and  Simon  (1989),  was  conducted.  The  uncertainty  was  ±3 
percent  in  the  laminar  and  turbulent  regions  and  ±  5  percent 
in  the  transitional  region.  The  centerline  Stanton  number 
distributions  for  the  four  cases  are  shown  in  Fig.  5.  The 
unheated  starting  length  effects  for  the  laminar  correlation 
has  been  included.  It  should  be  noted  that  the  laminar 
correlation  with  unheated  starting  length  appears  different 
for  different  free-stream  velocities  when  plotted  in  Fig.  5.  To 
maintain  clarity,  it  is  plotted  only  for  the  baseline  and  the 
grid  2  cases.  In  the  laminar  portion,  the  Stanton  number 
distributions  follow  the  laminar  correlation  for  the  elevated 
FSTI  cases.  The  onset  of  transition  is  defined  as  the  location 
where  the  Stanton  number  reaches  a  minimum  and  starts  to 
deviate  from  the  laminar  correlation,  and  the  end  of  transi¬ 
tion  is  defined  as  the  location  where  the  Stanton  number 
merges  with  the  turbulent  correlation.  As  expected,  higher 
FSTI  leads  to  an  earlier  onset  and  an  earlier  end  of  transi¬ 
tion.  The  effect  of  elevated  FSTI  on  the  heat  transfer  is 
negligible  in  the  laminar  region;  however,  in  the  turbulent 
region,  the  heat  transfer  is  increased  as  can  be  seen  from 
Fig.  5. 

Skin  Friction.  The  skin  friction  coefficients  in  the  lami¬ 
nar  region  and  transitional  region  were  determined  by  ex¬ 
trapolating  the  linear  correlation  to  the  wall.  The  Clauser 
technique  was  employed  for  determining  the  skin  friction 
coefficients  in  the  turbulent  region  by  best  fitting  the  data 
points  to  the  logarithmic  law-of-the-wall  profile.  The  devel¬ 
opment  of  the  skin  friction  coefficients,  shown  in  Fig.  6,  is 
similar  to  that  of  the  Stanton  number  (Fig.  5).  The  effect  of 
the  elevated  FSTI  on  the  skin  friction  in  the  laminar  region  is 
negligible.  The  effect  in  the  turbulent  region  is  not  conclusive 


Table  1  Reynolds  numbers  at  onset  and  end  of  transition 


Baseline 

Grid  l 

Grid  2 

Grid  3 

FSTI  at  Xj 

0.5% 

3.8% 

6.4% 

U-  (m/s) 

13.0 

2.10 

1.75 

1.70 

X(crn) 

61 

45 

45 

42 

Onset 

Re* 

5.0  x  10  * 

6.0  x  10  5.0  x  10  4 

4.5  x  1 0  4 

of 

Res* 

1183 

386 

355 

314 

Transition 

Res 

434 

161 

148 

131 

X(cm) 

136 

150 

144 

139 

End 

Re* 

1.1  x  10  4 

2.0x10  4 

1.6x10* 

1.5x10* 

of 

^  w  n.  AM 

Re** 

1947 

735 

659 

608 

l  ransiuon 

Re* 

1327 

480 

404 

375 

due  to  limited  data  points  and  the  typical  overshooting  be¬ 
havior  of  Cf  in  the  early  turbulent  flow  region. 

Transition  Start  and  Turbulent  Spot  Formation  Rate.  In 
the  present  study,  the  onset  and  end  of  transition  were 
primarily  judged  by  the  Stanton  number  and  cross  checked 
with  the  skin  friction  distributions  and  the  evolution  of  the 
mean  velocity  and  temperature  profiles.  The  corresponding 
values  of  x,  Rex,  Res.,  and  Re*  at  onset  and  at  the  end  of 
transition  for  each  case  are  listed  in  Table  1.  The  results 
indicate  that  elevated  FSTI  affects  an  early  onset  of  transi¬ 
tion  and  reduced  extent  of  transition  length  based  on  Rex,  as 
well  as  on  Re5.  and  Re9. 

The  key  characteristic  in  laminar-turbulent  transition  flow 
is  the  randomly  intermittent  laminar-turbulent  behavior.  The 
fraction  of  time  the  flow  is  turbulent  is  defined  as  the 
intermittency.  Emmons  (1951)  presented  a  statistical  theory 
for  transition  and  provided  an  expression  for  the  intermit¬ 
tency.  Later,  the  theory  was  extended  by  Dhawan  and 
Narasimha  (1958)  who  showed,  for  time-averaged  two-dimen¬ 
sional  flows,  that  turbulent  spots  originate  within  a  narrow 
region  on  the  surface  at  some  distance,  xf,  from  the  leading 
edge,  and  that  the  turbulent  spot  production  could  be  repre¬ 
sented  by  a  Dirac  delta  function.  Based  on  this  intermittency 
theory,  once  the  location  of  the  transition  onset  and  the 
turbulent  spot  formation  rate  are  known,  the  location  of  the 
end  of  transition  and  the  intermittency  distribution  within 
the  transition  region  can  be  predicted.  The  present  calcula¬ 
tion  of  the  turbulent  spot  formation  rate  is  based  on  the 
equation,  ha  =■  4.6/(ReXtf  —  ReXJ)2  (Mayie,  1991),  in  which 
the  effect  of  FSTI  is  implicitly  embedded  in  the  Rex„  and 
Re^. 

The  onset  of  transition,  based  on  the  momentum  thickness 
Reynolds  number,  and  the  calculated  turbulent  spot  forma¬ 
tion  rate,  ha,  are  plotted  in  Fig.  7.  Also  shown  are  the 
empirical  correlations,  Re9,  =  400  (FSTI)-*8  and  ha  *  1-5 
X  10~u  (FSTI)^4,  given  by  Mayie  (1991),  which  were  formu¬ 
lated  based  on  flat-wail,  nonaccelerated  flow  data.  For  the 
elevated  FSTI  cases,  the  present  data  agree  with  Mayle's 
correlation.  For  the  baseline  case,  the  onset  of  transition  is 
earlier  and  the  calculated  ha  is  larger  than  that  predicted  by 
Mayie's  correlation.  This  indicates  that  some  other  factors, 
which  were  not  incorporated  into  Mayie’s  correlations,  influ¬ 
ence  the  transition  process  in  low  FSTI  environment.  For  a 
well-controlled  experiment  of  a  low- FSTI  transitional  flow 
study,  typical  factors  that  influence  the  onset  of  transition  are 
related  to  inherent  characteristics  of  the  test  facility  and  the 
uncontrollable  disturbances  in  operating  conditions.  Some 
possible  factors  are  the  initial  flow  conditions  at  the  leading 
edge,  the  free-stream  integral  length  scale,  floor  vibration 
frequency,  smoothness  and  flatness  of  the  test  surface,  and 
precision  of  streamwise  pressure  gradient  control. 
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Fig.  7  Transition  onset  and  turbulent  spot  formation  rate 


Fig.  8  Mean  velocity  profiles,  U  *  versus  Y  * 


Mean  Velocity  and  Temperature  Profiles.  Mean  velocity 
and  temperature  profiles  are  plotted  in  wall  units  in  Figs.  8 
and  9,  respectively.  Since  their  overall  evolution  during  the 
transition  process  is  similar  to  that  of  the  2  percent  FSTI 
case  previously  reported  by  Wang  et  al.  (1987),  only  three 
profiles  of  each  are  shown  as  representative  of  the  mean 
profile  characteristics  in  the  laminar,  transitional,  and  turbu¬ 
lent  flow  region,  respectively.  In  the  laminar  region,  even  at 
the  elevated  values  of  FSTI,  the  mean  profiles  are  consistent 
with  the  laminar  flow  solution,  as  in  the  baseline  case.  In  the 


turbulent  region,  both  the  mean  velocity  and  temperature 
profiles  preserve  the  logarithmic  “law  of  the  wall”  character¬ 
istics  over  a  sufficient  range  of  Y*  (from  30  -  300),  but  the 
wake  regions  are  completely  depressed  beyond  Y+  *  300  due 
to  the  high  FSTI,  which  is  consistent  with  the  previous  results 
of  Blair  (1983a,  b)  and  Wang  et  aL  (1987).  In  the  transition 
region,  the  mean  profiles  deviate  from  the  typical  laminar 
and  turbulent  profiles.  No  established  method  has  been 
developed  to  compare  them  to  those  of  the  iow-FSTI  cases. 


Fig.  9  Mean  temperature  profiles,  T  *  versus  Y  + 


Fig.  10  Streamwise  velocity  fluctuation  profiles 


Streamwise  Velocity  Fluctuation  (u').  The  normalized 
streamwise  evolution  of  velocity  fluctuation,  u'/U^  is  shown 
in  Fig.  10  for  the  grid  2  case.  For  comparison,  three  profiles 
of  the  baseline  case,  one  near  the  onset  of  transition  (station 
5),  one  in  the  transition  region  with  maximum  u'  (station  7), 
and  one  in  the  fully  turbulent  region  (station  12),  have  also 
been  incorporated  into  Fig.  10.  The  onset  of  transition  for 
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Fig.  1 1  Cross-stream  velocity  fluctuation  profiles 


Fig.  12  rms  temperature  profiles 


grid  2,  based  on  Stanton  number  distribution,  is  at  Rex  *  5 
X  104.  Therefore,  stations  1  and  2  for  the  grid  2  case  are  in 
the  laminar  flow  region.  Comparison  between  the  stations  1 
and  2  for  grid  2  case  and  station  5  for  the  baseline  case 
indicates  that  the  it’  in  the  laminar  flow  was  significantly 
elevated  due  to  the  higher  FSTL  This  is  consistent  with  the 
results  reported  by  Dyban  et  al.  (1980).  It  is  especially  inter¬ 
esting  to  observe  that  the  elevated  u'/£4  distribution  reaches 
20  percent  in  the  late  laminar  region  (station  2)  and  remains 
at  such  high  levels  throughout  the  early  half  of  the  transition 
region  until  station  6.  It  is  also  to  be  noted  that  in  the 
transitional  flow,  the  maximum  values  of  u'/C4  at  stations  4  • 
and  5  in  the  grid  2  case  are  only  slightly  higher  than  the 
maximum  value  at  station  7  for  the  baseline  case.  This 
implies  that  even  at  elevated  FSTI,  the  maximum  Reynolds 
normal  stresses  due  to  the  bursting  activities  are  limited  to 
around  u'/U»  =  20  percent.  This  may  also  imply  that  the 
penetration  of  the  turbulence  energy  from  the  free  stream 
into  the  boundary  layer  results  in  a  uniform  redistribution  of 
turbulence  energy  across  the  boundary  layer  rather  than  in 
providing  more  bursting  energy.  This  second  implication  can 
be  further  verified  by  examining  the  u!  distribution  in  the 
turbulent  flow  region  as  shown  by  the  d/U^  profiles  of 
stations  10,  11,  and  12  in  Fig.  10.  This  deep  penetration  of 
elevated  free -stream  turbulence  to  near  the  wall  is  consistent 
with  the  results  of  Wang  et  al.  (1987).  This  is  inconsistent 
with  the  results  reported  by  Sohn  and  Reshotko  (1991). 

Cross-Stream  Velocity  Fluctuation  it/).  The  evolution  of 
i//C4  for  grid  2  case,  as  shown  in  Fig,  11,  is  very  different 
from  the  baseline  case  in  Wang  et  al.  (1992)  or  other  low 
FSTI  cases  in  Kuan  and  Wang  (1990)  and  Sohn  et  al.  (1991). 
Three  representative  d/lL  distribution  curves,  as  mentioned 
in  Fig.  10,  are  superimposed  for  comparison.  It  is  obvious 
that  the  effect  of  elevated  FSTI  on  d  is  more  predominant  in 
the  outer  boundary  layer  than  in  the  inner  boundary  layer.  It 
appears  that  d,  in  the  boundary  layer,  is  affected  by  FSTI 
through  an  energy  diffusion  process  rather  than  through  a 


convective  motion,  or  through  a  correlation  with  pressure 
fluctuations  (retum-to-isotropy).  This  speculation  arises  from 
by  observing  that  the  magnitude  of  d  in  the  free  stream 
seems  to  control  the  d  distribution  in  the  outer  boundary 
layer  since  the  data  points  for  each  curve,  for  all  flow  regions, 
indicate  a  smooth  curve,  which  asymptotically  approaches  the 
free-stream  value  of  d .  A  typical  near-wall  peak  of  d ,  which 
appears  in  the  transition  region  for  the  baseline  case  (e.g.,  at 
station  7),  is  not  observed  in  the  elevated  FSTI  cases.  Appar¬ 
ently,  the  elevated  turbulence  in  the  free  stream  does  not 
promote  the  cross-stream  component  of  the  near-wall  turbu¬ 
lence  energy  production,  which  produces  large  magnitudes  of 
energy  in  the  streamwise  component.  The  d/U»  distribution 
in  the  turbulent  flow  region  at  station  12  for  the  grid  1  case, 
which  has  lower  FSTI  than  the  grid  2  case,  is  superimposed 
in  Fig.  11.  A  peak  in  d  can  be  clearly  seen  near  y/8  =  0.2. 
The  mechanism  involved  in  producing  this  round  peak  can  be 
very  different  from  the  near-wail  sharp  peak  prevailing  in  the 
iow-FSTI  cases.  However,  it  is  not  clear  how  the  near-wall 
production  of  the  y'-component  turbulence  energy  is  sup¬ 
pressed  in  the  elevated  FSTI  cases  and  why  the  highest  d 
value  occurs  away  from  the  wail.  Also  shown  in  this  figure 
are  the  varying  values  of  d/Uv  in  the  free  stream  along  the 
streamwise  direction  in  the  test  section.  The  value  of  djU^, 
which  can  be  read  from  values  beyond  y/8  =  1.6  from  Fig. 
11,  shows  a  variation  from  about  4.5  percent  at  stations  1  and 
2  to  7  percent  at  stations  3  to  5  and  back  down  to  4.5  percent 
at  stations  10  to  12.  This  trend  can  also  be  seen  from  d/d  in 
Fig.  3  since  d  remains  nearly  constant  along  the  streamwise 
direction. 

rms  Temperature  Fluctuation  it').  The  evolution  of  the 
rms  temperature  fluctuation  for  the  grid  2  case,  t*/(Tw  —  TJ, 
as  presented  in  Fig.  12.  is  very  similar  to  u\  with  an  elevated 
value  across  most  of  the  boundary  layer  except  in  the  outer 
boundary  layer  (y/8  >  0.8),  where  the  elevated  FSTI  does 
not  enhance  f  as  would  be  expected  in  a  nearly  isothermal 
region. 
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Reynolds  Shear  Stress  (m>)._The  evolution  of  the  normal¬ 
ized  Reynolds  shear  stress,  -  uu/u'2,  for  the  grid  2  case,  and 
also  the  comparison  with  the  baseline  case,  are  shown  in  Fig. 
13.  For  the  grid  2  case,  the  normalized  Reynolds  shear  stress 
reaches  a  maximum  value  of  about  1.9  at  stations  4  and  5. 
The  peak  value  in  the  boundary  layer  then  decreases  and  the 
peak  location  moves  closer  to  the  wall.  This  evolution  of  uu 
indicates  that  the  turbulent  shear  is  not  generated  near  the 
wall  as  is  that  for  u\  but  is  produced  away  from  the  wall,  at 
about  y/8  -  0.3,  and  progresses  toward  the  wail  to  eventually 
affect  the  wail  shear.  This  progression  is  similar  to  that  for 
the  baseline  case.  The  detailed  description  was  provided  by 
Wang  et  al.  (1992).  The  peak  location  for  the  baseline  case  in 
the  turbulent  region  at  station  12  is  closer  to  the  wail  than 
that  for  the  grid  2  case.  The  effect  of  elevated  FSTI  on  uu. 
seems  smaller  than  on  u f  and  \J. 

Reynolds  Heat  Fluxes  (ut  and  ut).  The  results  of  -  ut 
and  uu  normalized  by  wall  heat  flux,  for  the  grid  2  case  are 
presented  in  Figs.  14  and  15.  For  the  grid  2  case,  —  ut/ 
lqt/pCp)  reaches  its  maximum  value  of  almost  10  near 
stations  4  and  5.  Then  the  peak  value  in  the  boundary  layer 
decreases  and  the  peak  location  moves  closer  to  the  wall. 
The  peak  value  in  the  turbulent  flow  region  is  about  7.  For 
the  baseline  case  at  station  12,  the  peak  value  is  only  about  2, 
much  lower  than  that  for  the  grid  2  case.  The  locations  of 
these  peaks  closely  correspond  to  those  of  the  peaks  for  u' 
(Fig.  10)  and  f  (Fig.  12).  As  shown  in  Figs.  10  and  12,  u'  and 
f  are  much  higher  in  the  laminar  and  turbulent  regions  for 
the  grid  2  case  than  for  the  baseline  case,  but  are  about  the 
same  in  the  transition  region  as  in  the  baseline  case.  The 
lower  value  of  -  ui/{q'l/pCp)  in  the  transition  region  for 
the  grid  2  case  compared  to  that  in  the  baseline  case  is 
unexpected.  This  is  then  identified  as  the  low  Reynolds 
number  effect. 

As  shown  in  Fig.  15  for  the  grid  2  case,  the  normalized 
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Fig.  15  Cross-stream  Reynolds  heat  flux  distribution 


cross-stream  Reynolds  heat  flux,  ut/  {ql/pCp}y  reaches  its 
maximum  value  of  about  0.9  at  stations  5  and  7  in  the 
transition  region.  This  is  later  than  ur,  which_ reaches  its 
maximum  value  at  station  4,  The  peak  value  of  ut/  { q"w/pC ^ 
then  decreases  with  the  peak  value  in  the  turbulent  region  to 
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Fig.  16  Streamwise  evolution  of  eddy  viscosity  and  turbulent  ther¬ 
mal  dlffuslvity  profiles  « 


about  0.7.  The  baseline  case  at  station  7  is  also  shown  in  Fig. 
15  for  comparison.  Negative  ut  occurs  in  thejnner  boundary 
layer  for  the  baseline  case  but  no  negative  ut  is  observed  in 
the  elevated  FSTI  cases.  The  possible  explanations  of  this 
negative  value  were  discussed  by  Wang  et  al.  (1992).  The 
spatial  resolution  of  the  probe  is  of  special  concern  near  the 
wall  because  of  the  decreasing  eddy  size  as  the  wall  is 
approached  and  the  thin  boundary  layer  in  the  baseline  case. 
For  the  higher  FSTI  cases,  the  free-stream  velocity  (~  2  m/s) 
was  much  lower  than  that  for  the  baseline  case  (—12  m/s), 
so  that  the  boundary  layer  was  muchjhicker.  In  the  turbulent 
boundary  layer  the  magnitude  of  ut  is  elevated  across  the 
entire  boundary  layer  for  the  grid  2  case,  as  compared  to  the 
baseline  case  at  station  12  in  Fig.  15. 

Eddy  Diffusivities  and  Turbulent  Prandtl  Number.  The 
eddy  viscosity,  and  the  turbulent  thermal  diffusivity,  eH, 
normalized  by  their  molecular  counterparts  at  three  stations 
for  the  grid  2  case,  are  shown  in  Fig.  16.  The  results  for  the 
baseline  case  at  station  12  are  also  shown  for  comparison. 
For  the  grid  2  case,  at  station  1,  where  the  flow  behaves  as 
laminar,  the  turbulent  transport  is  low  compared  with  the 
molecular  transport,  as  expected,  whereas  for  transitional 
flow  (station  5)  and  turbulent  flow  (station  12),  the  turbulent 
transport  is  much  higher  than  the  molecular  transport  except 
in  the  very  near-wall  region.  For  the  baseline  case,  €M/v 
shows  a  peak  near  y/8  »  0.3  —  0.4  and  gradually  decreases 
in  the  outer  boundary  layer.  €H/a  shows  a  similar  behavior 
except  that  the  peak  is  not  so  obvious.  For  the  grid  2  case, 
which  is  very  different  from  the  baseline  case,  a  peak  of  eM/v 
appears  near  y/8  =  0.7  at  station  5  in  the  transitional  flow 
region  and  y/8  =*  0.55  at  station  12  in  the  turbulent  flow 
region.  €H/a  is  similar  to  €M/v  in  the  turbulent  flow  region; 
however,  in  the  transitional  flow  region,  the  maximum  value 
of  eH/a  occurs  in  the  outer  boundary  layer  (y/8  »  0.85). 

The  turbulent  Prandtl  number,  Pr„  the  ratio  of  the  eddy 
viscosity  over  the  turbulent  thermal  diffusivity,  is  shown  in 
Fig.  17  for  the  grid  2  case.  The  data  points  are  scattered  in 
the  early  transition  region  (stations  4  to  6)  but  stabilized  in 
the  turbulent  region  (stations  10  to  12).  In  the  region  be¬ 
tween  y/8  ~  0.2  to  0.8,  the  Pr,  values  are  close  to  L2  to  1.6, 
which  are  higher  than  0.9,  a  value  commonly  applied  to  fully 
turbulent  flow  for  low  FSTI  cases.  In  the  near-wall  region 
( y/8  <  0.2),  Prf  values  are  larger  than  2,  The  validity  of  these 
values  needs  further  verification  due  to  the  limits  in  spatial 


Fig.  17  Turbulent  Prandtl  number  distribution 


resolution  in  the  near-wall  region.  However,  values  of  Pr,  in 
the  region  of  y/8  ^  0.2  are  believable.  Based  on  these  re¬ 
sults,  the  higher  turbulent  Prandtl  number  (1.2  -  1.6)  in  the 
transitional  and  iow-Reynolds-number  turbulent  flow  should 
be  considered  in  the  modeling  of  transition. 

The  previous  discussion  is  based  on  the  comparison  be¬ 
tween  the  results  of  the  baseline  case  and  those  of  the  grid  2 
case.  The  comparisons  among  the  grid  1,  grid  2,  and  grid  3 
cases  are  shown  in  Fig.  18.  At  maximum  u '  station  in  the 
transition  region  (Fig.  18a),  the  effects  of  the  different  grids 
on  the  «/C4  and  t//£4  are  confined  in  the  outer  region  of 
the  boundary  layer  (y/8  >  0.4),  which  are  influenced  by  the 
different  FSTI  levels.  In  the  fully  turbulent  region,  the  peak 
value  of  w'/C4  is  slightly  elevated  due  to  a  higher  FSTI  level 
(e.g.,  higher  grid  number).  A  peak  of  if/U^  in  the  boundary 
layer  is  evident  for  grid  1  case,  but  is  not  observed  for  grids  2 
and  3  cases  due  tojhejiigher  FSTI  levels.  Since  the  stream- 
wise  evolutions  of  uv,  ur,  ut ,  and  Prf  for  these  three  grids  are 
similar  during  the  transition  process,  only  the  comparisons  of 
the  Pr,  distributions  are  presented.  As  shown  in  this  figure, 
the  Prf  distributions  for  these  three  grids  are  very  similar  at 
maximum  u '  station  and  in  the  fully  turbulent  region. 

Conclusion 

Experiments  were  performed  to  investigate  the  effects  of 
elevated  FSTI  (3-7  percent)  on  flow  and  thermal  structures 
in  heated  transitional  boundary  layers.  Wall  heat  transfer 
measurements  indicated  that  elevated  FSTI  values  result  in 
an  earlier  onset  of  transition  and  reduced  length  of  transition 
in  terms  of  Re*,  Re5.,  and  Res.  The  calculated  turbulent 
spot  formation  rates  at  elevated  FSTI  cases  agree  with  Mayies 
correlation.  In  the  turbulent  region,  the  mean  velocity  and 
temperature  profiles  demonstrate  the  logarithmic  “law  of  the 
wail”  characteristics  over  a  sufficient  range  of  Y*  (30  —  300). 
The  wake  regions  are  completely  depressed. 

The  u '  distribution  is  significantly  elevated  across  the 
entire  boundary  layer  in  the  laminar  and  turbulent  regions 
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Fig.  18  Comparison  among  different  grids 


due  to  elevated  FSTL  The  u'/lL  distribution  reaches  20 
percent  in  the  late  laminar  region  and  remains  at  such  high 
levels  throughout  the  early  half  of  the  transition  region.  In 
the  transitional  region,  the  maximum  Reynolds  normal 
stresses  of  bursting  activities  are  only  slightly  higher  than  the 
baseline  case  but  are  limited  to  approximately  u/Uv  *  20 
percent.  The  evolution  of  the  rms  temperature  fluctuation  is 
very  similar  to  u'  with  elevated  values  across  80  percent  of 
the  boundary  layer. 

The  d  distribution  in  the  outer  boundary  layer  is  con¬ 
trolled  by  the  magnitude  of  d  in  the  free  stream.  The  typical 
near-wall  peak  of  d,  which  appears  in  the  transition  region 
at  low  FSTI,  is  not  observed.  In  the  turbulent  region,  the  very 


near-wall  peak  of  d  is  suppressed  and  the  maximum  d  value 
occurs  away  from  the  waUjn  elevated  FSTI  cases. 

The  evolution  of  the  uu  distribution  at  elevated  FSTI  is 
similar  to  that  at  low  FSTI.  In  the  transition  region,  Reynolds 
shear  stress  is  produced  not  in  the  near-wail  region  where 
the  vigorous  turbulence  production  of  u'  occurs  but  away 
from  the  wall,  at  about  y/8  »  0.3.  This  high  turbulent  shear 
progresses  toward  the  wail  and  eventually  affects  the  wall 
shear.  _ 

The  -  ut/  {q^/pCp}  distributions  are  elevated  in  the  lami¬ 
nar  and  turbulent  regions  but  reduced  in  the  transitional 
region  at  higher  FSTI.  This  is  caused  by  the  low  Reynolds 
effect.  _ 

The  ut  distributions  reach  maximum  vajues  in  the  transi¬ 
tion  region  slower jhan  the  evolution  of  ut .  The  regions  of 
negative  values  of  ut,  occurring  in  the  transition  region  in  the 
baseline  case,  are  not  observed  in  the  elevated  FSTI  cases. 

In  the  near-wall  region  ( y/8  <  0.2),  the  Pr,  values  are  very 
large  ( >  2);  further  verification  of  these  high  values  is  needed. 
In  the  region  of  y/8  =*  0.2  -  0.8,  the  Prr  values  are  close  to 
1.2  -  1.6.  These  higher  Prr  in  the  transitional  and  low-Reyn- 
oids-number  turbulent  flow  should  be  considered  in  the 
numerical  modeling  of  transitional  boundary  layers. 
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The  effects  of  streamwise  acceleration  on  a  two-dimensional  heated  boundary  layer 
undergoing  natural  laminar— turbulent  transition  were  investigated  with  detailed 
measurements  of  momentum  and  thermal  transport  phenomena.  Tests  were  conducted 
over  a  heated  flat  wall  with  zero  pressure-gradient  and  three  levels  of  streamwise 
acceleration:  K  m  (u/Ul)  (dtjjdx)  *  0.07 ,  0.16 ,  and  0.25  X  10~*.  Free-stream 
turbulence  intensities  were  maintained  at  approximately  0.5  percent  for  the  baseline 
case  and  0.4  percent  for  the  accelerating  cases.  A  miniature  three-wire  probe  was 
used  to  measure  mean  velocity  and  temperature  profiles ;  Reynolds  stresses,  and 
Reynolds  heat  fluxes.  Transition  onset  and  end  were  inferred  from  Stanton  numbers 
and  skin-friction  coefficients.  The  results  indicate  that  mild  acceleration  delays  transi¬ 
tion  onset  and  increases  transition  length  both  in  terms  of  distance ,  x,  and  Reynolds 
number  based  on  x.  Transition  onset  and  length  are  relatively  insensitive  to  accelera¬ 
tion  in  terms  of  momentum  thickness  Reynolds  number.  This  is  supported  by  the 
boundary  layer  thickness  and  integral  parameters ,  which  indicate  that  a  favorable 
pressure  gradient  suppresses  boundary  layer  growth  and  development  in  the  transi¬ 
tion  region.  Heat  transfer  rates  and  temperature  profiles  in  the  late -transition  and 
early-turbulent  regions  lag  behind  the  development  of  wall  shear  stress  and  velocity 
profiles .  This  lag  increases  as  K  increases,  indicating  that  the  evolution  of  the  heat 
transport  is  slower  than  that  of  the  momentum  transport.  Comparison  of  the  evolution 
of  rms  temperature  fluctuations  to  the  evolution  of  Reynolds  normal  stresses  indicates 
a  similar  lag  in  the  rms  temperature  fluctuations . 


Introduction 

Knowledge  of  the  physics  involved  in  momentum  and  ther¬ 
mal  transport  in  the  transitional  boundary  layer  can  be  applied 
to  the  external  flow  over  gas  turbine  vanes  and  blades.  For  a 
commercial  gas  turbine  engine,  it  is  common  for  as  much  as 
50  to  80  percent  of  the  turbine  blade  surface  to  be  covered 
with  flow  undergoing  transition  (Turner,  1971 ).  Most  modeling 
codes  for  heat  transfer  rely  on  some  form  of  Reynolds  analogy 
to  predict  thermal  loading,  i.e.,  inferring  the  thermal  transport 
directly  from  the  momentum  transport.  Recent  experimental 
investigations  indicate  a  breakdown  in  this  analogy  in  the  transi¬ 
tional  flow  process  (Blair.  1982,  1992;  Wang  et  aL.  1985; 
Sharma,  1987;  Volino  and  Simon,  1991).  Therefore,  the  con¬ 
ventional  technique  of  basing  heat  transfer  modeling  on  a  con¬ 
stant  value  or  a  multiple-layer  model  of  the  turbulent  Prandtl 
number  may  be  inadequate.  Since  turbine  blades  are  exposed  to 
a  wide  range  of  pressure  gradients  (Mayle,  1991),  the  reported 
discrepancy  between  fluid  mechanics  and  heat  transfer  is  espe¬ 
cially  important.  Recognition  and  understanding  of  the  underly¬ 
ing  mechanisms  involved  in  this  discrepancy  between  momen¬ 
tum  and  thermal  transport  are  essential  to  improving  the  accu¬ 
racy  of  thermal  load  predictions.  The  purpose  of  this  research 
program  is  to  investigate  the  effects  of  streamwise  acceleration 
on  a  two-dimensional  boundary  layer  undergoing  natural  transi¬ 
tion.  The  transport  mechanisms  within  the  boundary  layer  must 
be  explored  to  determine  what  discrepancies  exist  between  the 
momentum  and  thermal  transport,  thereby  addressing  the  valid¬ 
ity  of  Reynolds  analogy  for  use  in  the  transition  process.  The 
results  of  this  study  have  served  as  a  valuable  reference  for 
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comparison  with  the  results  of  streamwise  acceleration  in  ele¬ 
vated  free-stream  turbulence  conditions  (Zhou  and  Wang, 
1993). 

Most  correlations  for  transition  onset  incorporate  the  com¬ 
bined  effects  of  free-stream  turbulence  intensity  (FSTI)  and 
pressure  gradient  In  flows  with  low  free-stream  turbulence, 
large  discrepancies  exist  between  these  methods  in  predicting 
transition  onset,  especially  for  favorable  pressure  gradients  ( Ar- 
nal,  1984).  For  flows  with  low  FSTI,  the  pressure  gradient 
significantly  afreets  the  transition  onset  As  FSTI  increases,  the 
pressure  gradient  has  less  of  an  effect  (Abu-Ghannam  and 
Shaw,  1980).  The  experimental  results  of  many  researchers, 
for  example.  Turner  ( 1971 ),  Abu-Ghannam  and  Shaw  ( 1980), 
Blair  (1982,  1992),  Narasimha  (1985),  and  Rued  and  Wittig 
(1985,  1986),  showed  that  a  favorable  pressure  gradient  in¬ 
creases  the  length  of  transition.  These  results  can  be  used  to 
predict  the  fluid  mechanics  and  momentum  transport  in  transi¬ 
tional  boundary  layers  and  to  predict  heat  transfer,  provided  that 
some  form  of  Reynolds  analogy  holds.  However,  for  favorable 
pressure  gradient  flow,  experimental  evidence  indicates  a  break¬ 
down  of  Reynolds  analogy.  Blair  (1982,  1992),  Sharma 
(1987),  and  Volino  and  Simon  (1991)  determined  that  the 
length  of  transition  for  accelerating  flows  is  longer  for  the  ther¬ 
mal  than  the  momentum  boundary  layer.  By  comparing  the 
Stanton  numbers  and  temperature  profiles  to  the  shape  factor 
and  velocity  profiles,  Blair  ( 1992)  determined  that  the  physical 
length  of  transition  is  one-third  longer  for  heat  transfer  than  it 
is  for  Sow  with  K  =  0.20  X  10  ~6.  Blair  reasoned  that  the 
difference  between  the  velocity  and  the  temperature  profiles  is 
produced  by  the  streamwise  pressure  distribution.  The  boundary 
layer  velocity  distribution  depends  directly  on  mainstream  ac¬ 
celeration,  as  shown  by  the  equations  of  motion.  The  tempera¬ 
ture  distribution  is  only  indirectly  linked  to  the  pressure  gradient 
through  the  effect  of  acceleration  on  the  turbulent  transport  of 
heat.  These  results  indicate  that  inferring  transition  information 
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from  the  heat  transfer  measurements  alone  is  unreliable  for 
accelerating  flow  and  that  transition  prediction  based  on  fluid 
mechanics  measurements  will  not  accurately  predict  the  heat 
transfer  in  transition. 

Information  regarding  the  mean  flow  structure  within  the 
transitional  boundary  layer  for  a  zero-pressure  gradient  is  well 
documented.  Most  of  the  results  isolate  the  effects  of  FSTI  on 
heat  transfer  and  flow  structure.  Typical  parameters  investigated 
are  mean  velocity  and  temperature  profiles,  fluctuating  turbulent 
velocity  and  Reynolds  shear  stresses  («'\  vf  \  uv)>  and  Reyn¬ 
olds  heat  fluxes  (ur,  ur).  The  highlights  of  these  results  are 
listed  below. 

1  The  stream  wise  fluctuating  turbulent  velocity  ( u') 
reaches  a  peak  value  of  approximately  18  percent  of  L*. 
re  sardless  of  the  level  of  FSTI  (Schuoauer  and  Kleba- 
noff.  1956;  Wang  et  al.,  1985;  Kim  et  al.,  1989;  Kuan 
and  Wang,  1990).  This  value  is  greater  than  the  value 
for  fully  turbulent  flow. 

2  The  ur  profiles  in  the  transition  region  are  characterized 
by  two  peaks,  one  near- wall  peak  and  a  second  peak 
midway  through  the  boundary  layer  (Wang  et  al..  1985; 
Sohn  et  al.,  1989;  Kuan  and  Wang,  1990).  The  cause  of 
the  second  peak  is  still  the  subject  of  controversy. 

3  The  cross-stream  fluctuating  turbulent  velocity  (y') 
reaches  a  constant  value  much  earlier  than  u\  indicating 
that  the  flow  in  a  transitional  boundary  layer  is  less  iso¬ 
tropic  than  the  flow  of  a  fully  turbulent  boundary  layer. 
The  location  of  the  peak  in  u'  in  the  stream  wise  direction 
coincides  with  the  location  of  the  peak  in  u'  in  the 
stream  wise  direction  (Kuan  and  Wang,  1990). 

4  Measurements  of  the  average  Reynolds  cross- stream  heat 

flux  (l It)  have  resulted  in  negative  values  near  the  wall 
for  some  researchers  (Sohn  et  al.,  1989;  Wang  et  al., 
1992),  while  they  remain  positive  for  others  (Kim  et  al., 
1989).  The  reasons  for  this  are  as  yet  unknown. 

Current  documentation  of  the  mean  flow  structure  within 
transitional  flows  with  favorable  pressure  gradients  is  extremely 
limited.  Blair  (1992)  presented  velocity  and  temperature  pro¬ 
files  through  the  transition  region  for  boundary  layer  flow  with 
K  =  0.20  x  10 ^  and  FSTI  =  2  percent  (high  FSTI  transition) . 
The  results  showed  that  the  development  of  the  temperature 
profiles  lags  behind  those  of  the  respective  velocity  profiles. 
This  strongly  indicates  that  acceleration  affects  heat  transfer 
differentlv'than  it  does  flow  structure.  The  cause  of  these  differ¬ 
ences  remains  to  be  determined.  To  the  knowledge  of  these 
authors,  no  further  information  is  available  regarding  detailed 
flow  and  thermal  structure  within  the  transitional  boundary  layer 
with  a  favorable  pressure  gradient. 


Experimental  Program 

Test  Facility.  The  experiments  were  conducted  in  a  two- 
dimensional,  open  circuit,  blowing-type  wind  tunnel  capable  of 
a  maximum  air  speed  of  35  m/s,  uniform  within  0.7  percent 
and  steady  within  1  percent  over  a  20-hour  period.  Rayon- 
viscous  felt  capable  of  filtering  out  particles  larger  than  5  \i m 
was  used  to  filter  the  inlet  airflow.  The  free-stream  air  tempera¬ 
ture,  controlled  by  the  heat  exchanger  and  the  air-conditioning 
system  in  the  laboratory,  could  be  maintained  within  0.5  *C 
over  a  period  of  20  hours  and  uniformly  within  0. 1°C.  To  ensure 
that  the  boundary  layer  began  at  the  leading  edge  of  the  test 
wall,  a  suction  fan  and  low-pressure  plenum  were  installed  to 
provide  suction.  A  detailed  description  of  the  wind  tunnel  is 
provided  by  Kuan  ( 1987)  and  Kuan  and  Wang  ( 1990). 

The  test  section  was  designed  with  a  large  aspect  ratio  of 
6,  which  provided  the  two-dimensional  flow  required  in  this 
investigation.  The  test  section  was  0.15  m  wide,  2.4  m  long, 
and  0.92  m  high.  A  composite  construction  was  utilized  for  the 
rectangular  2.4  X  0.92-m  heated  test  wall.  This  design  allows 
for  flexibility,  so  that  the  test  wall  can  be  bent  to  varying  degrees 
of  streamwise  curvature  for  future  studies.  The  back  surface  was 
insulated  with  25.4  cm  of  R30  fiberglass  to  minimize  backplane 
conduction  losses.  The  heating  pad  consisted  of  a  heater  foil 
sandwiched  between  glass  cloth  and  silicon  rubber  sheets.  A 
1.56-mm-thick  aluminum  sheet  was  vulcanized  to  the  front  sur¬ 
face  of  the  heater  pad  to  improve  the  uniformity  of  die  heat 
flux.  A  1.56-mm  polycarbonate  sheet  was  placed  on  the  front 
surface  to  provide  a  smooth  test  surface  on  which  the  air  flows 
and  from  which  measurements  were  taken.  One  hundred  eight- 


Nomenclature 


Cf  =  skin-friction  coefficient  — 
rJ(pOi(x)/2) 

Cp  =  pressure  coefficient  -  (F  — 
cP  =  specific  heat 

K  —  pressure  gradient  parameter  = 
(vlfTl(x))  (dUrm(x)ldx) 

P  -  static  pressure 

ql  -  wail  heat  flux 
ReT  =  Reynolds  number  *  Bm(x)xf  v 
t  =  instantaneous  fluctuation  in  tem¬ 
perature 

['  =  r ms  value  of  temperarure  fluctua¬ 
tion 

T  —  instantaneous  temperature 
T  =  mean  temperature 


u,  u  =  instantaneous  velocity  fluctua¬ 
tions  in  streamwise  and  cross- 
stream  directions 

u',u'  =  rms  values  of  velocity  fluctua¬ 
tions 

Mr  -  friction  velocity  =  V rjp 
U,  V  =  instantaneous  velocities 

O  -  mean  velocity 
IT  =  01  uT 

uv  =  mean  Reynolds  shear  stress 

ur  =  mean  Reynolds  streamwise  heat 
flux 

ur  =  mean  Reynolds  cross-stream 
heat  flux 

x  =  coordinate  in  streamwise  direc¬ 
tion 

y  =  coordinate  normal  to  the  surface 


Y+  =  yuJv 

T  =  intennittency  factor 
6  =  boundary  layer  thickness  at  0.995 

6*  =  displacement  thickness 
8  —  momentum  thickness 
u  =  kinematic  viscosity 
p  =  density 

rw  =  shear  stress  on  the  wall 
Subscripts 

end  =  end  of  transition 
ref  =  reference  location  at  x  =  20  cm 
s  =  onset  of  transition 
w  as  at  the  wail 
*  =  free-stream  value 
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Fig.  4  Centerline  Stanton  number  distribution  for  all  cases 


five  3-mil  E-type  thermocouples  were  embedded  beneath  the 
test  surface  and  were  strategically  placed  along  the  test  surface 
to  capture  the  spanwise  aad  stream  wise  evolution  of  the  wall 
heat  transfer  during  the  transitional  flow  process  (Fig.  1). 

Fourteen  measuring  holes  of  2.54-cm  diameter  were  drilled 
alone  the  centerline  axis  in  the  outer  observation  walL  The  first 
centerline  measuring  hole  (station  1)  was  located  20  cm  from 
the  leading  edge,  with  the  remaining  measuring  holes  placed 
every  15  cm  (labeled  sequentially  station  2  through  14).  When 
the  probe  was  placed  through  the  measuring  hole  into  the  test 
section,  the  length  of  the  probe  extended  2  cm  upstream  of  die 
hole  location.  Plexiglas  plugs,  flush  with  the  inner  surtace.  were 
used  to  plug  the  holes  when  measurements  were  not  being  taken. 
Slots  cut  into  the  bottom  wall  and  the  top  wail  provided  for 
adjustment  of  the  outer  observation  wall  in  order  to  vary  the 
pressure  gradient  in  the  test  section.  A  detailed  description  of 
the  test  section  and  heated  test  wall  was  documented  by  Wang 
et  al.  (1992). 

Geometry  of  the  Test  Section.  The  geometry  of  the  test 
section  used  in  this  investigation  was  first  described  by  Keller 
and  Wang  (1993),  and  is  repeated  here  for  clarity.  For  the 
baseline  case,  with  no  acceleration,  the  outer  wail  of  the  test 
section  was  adjusted  to  account  for  the  growth  of  the  boundary 
layer  and  to  maintain  a  near-zero  pressure  distribution  inside 
the  test  section  with  a  variation  of  pressure  coefficient,  Cp, 
within  1  percent.  Three  different  favorable  pressure  gradients 
were  utilized  in  this  investigation.  A  constant  pressure  gradient 
parameter,  K,  was  maintained  during  each  case.  One  of  the 
advantages  of  using  a  constant  K  over  other  pressure  gradient 
parameters  is  that  a  constant  K  can  be  conveniently  obtained 
by  linearly  decreasing  the  width  of  the  test  section  from  the 
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Fig.  3  Skin  friction  coefficient  versus  Reynolds  number  for  each 


inlet  to  the  exit.  Fine  tuning  of  the  local  width  of  the  test  section 
removed  the  effect  of  boundary  layer  growth  on  the  pressure 
gradient.  For  each  acceleration  case,  the  width  of  the  test  section 
inlet  was  maintained  at  15.24  cm.  and  the  downstream  width 
was  arranged  to  decrease  linearly  to  the  exit  plane.  An  exit 
width  of  14.6  cm  was  used  for  the  lowest  acceleration  case  of 
K  -  0.07  x  10”6,  while  an  exit  width  of  8.9  cm  was  used  for 
the  highest  acceleration  case  of  K  ~  0.25  X  10  6.  It  should  be 
noted  that  a  constant  K  flow  is  inherently  different  from  a  Faik- 
ner-Skan  flow,  which  has  a  constant  A(»  (<5"/^)  {dU*(x)f 
dx))  value.  Detailed  explanations  concerning  the  physical 
meaning  of  flow  and  thermal  features  of  accelerated  boundary 
lavers  with  constant  K  values  and  the  differences  between  a 
constant  K  and  a  constant  A  flow  were  made  by  Zhou  and  Wang 
(1992). 

Three- Wire  Sensor.  A  specially  designed,  miniature  three- 
wire  probe  was  used  to  measure  the  boundary  layer  velocity 
and  temperature  data.  An  “ X "  array,  consisting  of  two  1.0- 
mm-long  and  2.5-pm-dia  Wollaston-type  platinum-coated  rung- 
sten  wires  was  used  as  the  velocity  sensor.  An  active  sensing 
length  of  0.5  mm  was  etched  in  the  center.  The  “X"  wires 
were  placed  orthogonal  to  each  other  with  a  spacing  of  0.35 
mm.  The  temperature  sensor  is  a  0.35-mm-iong  unplated  plati¬ 
num  wire  1.2  pm  in  diameter  placed  normal  to  the  mean  flow 
direction,  in  a  plane  parallel  to  the  plane  of  the  cross  wire  and 
spaced  0.35  mm  from  the  “A  array.  A  complete  description 
of  the  probe  design  and  qualification,  specifically  in  a  heated 
transitional  boundary  layer,  can  be  found  in  Shome  (1991). 


Table  1  Reynolds  numbers  at  onset  and  end  of  transition  for  all  test 
cases  (note:  ****  indicates  that  no  end  of  transition  was  observed  in  the 
test  facility) 
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Fig.  5  Boundary  layer  integral  parameters  for  all  cases  (—  thermal 
boundary  layer  thickness) 

Measurements  and  Instrumentation.  TheJ’ei®cl^  s®n' 
sors  were  operated  in  a  constant-temperature  m  ode  < m mg  a 
TSI  model  IFA  100  Intelligent  Flow  Analyzer.  A  DISA  M^0 
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temperature  bridee  was  used  to  operate  the  temperature  sensor 
STSSLm  m  mode.  For  tan  -W. t  p«»  art 
thmral  power  spenral  analyses.  TSI  Model 1157  signal  coni- 
doners  were  used  to  low-pass  filter  signals  from  all  three  sen- 
sore  The  V’  wires  of  the  three-wire  sensor  were  operated  at 
overheat  ratios  of  1.43  and  1.66.  The  temperature  sensor  was 
operated  with  a  very  low  overheat  ratio.  The  probe  current  was 
set  at  0.1  mA.  and  an  amplifier  gain  of  3500  was  used.  Fo 
convenience,  the  velocity  wires  are  referred  to  as  hot  wires, 
the  temperature  wire  is  referred  to  as  a  cold  wire  in  this  study. 
The  optimum  frequency  response  found  for  each  velc^ty  wire 
was  approximately  200  kHz.  The  frequency  response :  of  the 
temperature  sensor  was  experimentally  determined  to  rana 
frorT4800  to  6400  Hz.  depending  on  the  velocity  by  usmg^ 
DISA  M20  constant  current  bridge  (see  Wang  et  al.,  199— 
Keller.  1993.  for  details).  In  addition  to  the  three-wire  sensor, 
a  single  hot  wire  was  used  to  cross-check  the  results  obtained 
from'the  three-wire  sensor  and  to  provide  guidance  for  cakulat- 
ina  the  skin-friction  coefficient  in  the  near-wall  regiom  The  dam 
from  all  of  the  sensors  were  subsequently  sampled  at  -  kHz  to 
20  seconds  with  the  low-pass  filter  set  at  1  kHz.  . 

The  wind  tunnel,  the  test  wall  power  supply,  and  the  coohna 
water  supply  were  started  at  least  12  hours  prior  to  the  experi¬ 
ment  A  global  measurement  for  wall  temperature  distnbunon 
was  performed  by  scanning  the  temperature  approximately  ev¬ 
ery  two  hours.  Each  time,  an  average  of  three  different  scans, 
each  made  at  a  sample  rate  of  1  channel/second  was  obtained 
The  local  wail  temperature  was  checked  before,  mi  . 
through,  and  after  each  measurement  of  the  boundary  layer 
temperature  profile  to  ensure  that  it  remained  steady.  Both  the 
global  and  local  check  served  to  monitor  the  steadiness  and 
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free-stream  temperature  as  well  as  the  wall  temperature.  The 
thermocouple  measurements  were  made  through  a  Fluke  8842A 
5-1/2  digit  digital  multimeter  and  a  Fluke  2205 A  switch  con¬ 
troller.  For  each  case,  a  uniform  heat  flux  of  335  Wfm2  was 
applied  to  the  test  wall,  and  the  free-stream  temperature  was 
maintained  at  approximately  15°C.  The  resulting  wall  tempera¬ 
tures  ranged  from  24°C  to  41°C.  All  fluid  properties  were  evalu¬ 
ated  at  atmospheric  pressure  and  free-stream  temperature. 

Results  and  Discussion 

In  the  following  discussion,  the  results  of  the  baseline  case 
are  used  for  comparison  with  the  accelerating  cases.  Please  refer 
to  Keller  ( 1993 )  or  Wang  et  ai.  ( 1992)  for  detailed  documenta¬ 
tion  of  the  baseline  case.  After  the  sampled  data  were  reduced, 
the  intermittency  function  was  obtained.  The  value  of  this  func¬ 
tion  is  1  if  the  flow  is  turbulent,  and  0  otherwise.  The  total 
percentage  of  time  that  the  intermittency  function  is  I  deter¬ 
mines  the  intermittency  factor,  T.  For  a  complete  description 
of  the  method  used  to  determine  the  intermittency  factor,  refer 
to  Keller  and  Wang  ( 1993 ) .  The  free-stream  velocities  for  each 
of  the  three  accelerating  cases,  along  with  the  velocity  of  the 
baseline  case,  are  shown  in  Fig.  2.  For  each  accelerating  case, 
the  free-stream  velocity  at  station  1  (the  reference  station  for 
the  Cp  measurements  f  was  maintained  as  close  to  the  value 
used  during  the  baseline  case  as  possible.  The  K  values  obtained 
were  K  =  0.07  X  10“6,  K  =  0.16  x  10~6,  and  K  =  0.25  X 
10  "6.  These  values  are  termed  ATI,  K2 ,  and  A3  for  the  remainder 
of  the  discussion. 

Skin  Friction,  Stanton  Number,  and  Integral  Parameters. 
Station  numbers  are  used  when  referencing  all  measurement 
locations.  The  variation  of  skin-friction  coefficient  for  each  case 
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Fig.  8  Mean  velocity  profiles  for  K2  -  0.16  x  10”*  in  wail  units 
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Fig.  9  Mean  temperature  profiles  for  K2  =  0.16  x  10~*  in  wall  units 

is  shown  in  Fig.  3.  All  skin-friction  values  were  obtained  from 
the  mean  velocity  profiles,  including  single  hot-wire  measure¬ 
ments  for  use  as  a  guide.  Mean  velocity  profile  outputs  from 
the  STAN5  code  (NASA/Lewis  version,  expanded  from  the 
original  version  from  Crawford  and  Kays.  1976)  were  used  to 
compare  the  laminar  stations.  The  skin-friction  values  for  lami¬ 
nar  and  turbulent  flow  from  the  STANS  solutions  are  also  shown 
in  Fig.  3.  For  the  laminar  region,  an  increasing  K  makes  the 
mean  velocity  profiles  fuller,  and  thus  increases  the  skin-friction 
coefficient.  The  same  effect  occurs  in  fully  turbulent  flow.  From 
Fig.  3,  it  is  observed  that  a  higher  K  value  delays  the  onset  of 
transition  and  increases  the  length  of  transition.  These  observa¬ 
tions  are  consistent  with  the  experimental  results  of  Turner 
(1971 ),  Abu-Ghannam  and  Shaw  ( 1980),  Blair  (1982,  1992), 
Narasimha  (1985),  and  Rued  and  Wittig  (1985,  1986). 

The  distribution  of  centerline  Stanton  numbers  for  each  case 
is  shown  in  Fig.  4.  The  Stanton  numbers  for  all  three  accelerat¬ 
ing  cases  follow  their  corresponding  laminar  correlations  for 
zero  pressure  gradient  up  to  the  point  of  transition,  and  then 
approach  the  fully  turbulent  correlation  at  the  end  of  transition. 
This  is  consistent  with  the  experimental  results  of  Blair  ( 1982). 
which  indicated  no  significant  deviation  from  the  laminar  or 
turbulent  correlations  for  flows  with  K  values  of  0.2  x  10  “6 
and  0.75  x  10*°.  For  a  strongly  accelerating  flow,  such  as  K 
~  3.2  x  10~\  Rued  and  Wittig  ( 1985)  observed  a  20  percent 
increase  in  Stanton  number  over  their  zero  pressure  gradient 
case  for  the  early  laminar  region,  followed  by  a  slight  decrease 
beiow  the  zero  pressure  gradient  laminar  correlation  as  the 
Reynolds  number  increases.  The  effects  of  streamwise  accelera¬ 
tion  on  Stanton  number  in  the  laminar  and  turbulent  boundary 
layer  are  not  significant  until  a  relatively  large  value  of  AT  is 
obtained. 
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In  this  investigation,  transition  onset  was  defined  by  the  loca¬ 
tion,  L,  where  the  skin-friction  coefficient  (and/or  Stanton  num¬ 
ber)  deviates  from  the  laminar  correlation,  and  the  end  of  transi¬ 
tion  was  denned  as  the  point  of  maximum  skin  friction  (and/ 
or  Stanton  number)  immediately  following  the  rise  of  Cf.  The 
onset  and  end  of  transition  were  inferred  from  Figs.  3  and  4, 
and  are  listed  in  Table  LA sK  increases,  the  location  of  transi¬ 
tion  onset  is  delayed  both  in  terms  of  physical  distance,  and 
Reynolds  number  based  on  x.  For  the  three  accelerating  cases. 
Re*,  appears  insensitive  to  the  point  of  transition,  which  is  con¬ 
sistent  with  the  observations  of  Blair  ( 1992).  This  is  also  con¬ 
sistent  with  the  observation  made  by  Abu-Ghannam  and  Shaw 
(1980),  that  a  favorable  pressure  gradient  has  an  insignificant 
effect  on  the  onset  of  transition  in  terms  of  Re*.  The  physical 
length  of  transition,  in  terms  of  x,  for  the  Kl  case  is  actually 
shorter  than  that  of  the  baseline  case  by  approximately  12  per¬ 
cent  (7  cm).  This  is  attributed  to  the  spacing  of  the  measuring 
stations  and  the  difficulty  in  obtaining  an  exact  transition  suut 
and  end  point.  Determination  of  the  onset  and  end  of  transition 
was  limited  to  a  measuring  station  location  or  a  point  midway 
between  two  stations.  If  the  point  was  determined  to  be  midway 
between  two  stations,  then  the  ffee-stream  velocity  and  integral 
parameters  were  estimated  by  linearly  interpolating  between  the 
values  at  the  adjoining  stations.  For  the  Kl  case,  the  physical 
length  of  the  transition  region  is  much  longer  (42  percent)  than 
the  baseline  case  or  the  Kl  case.  The  length  of  transition  in 
terms  of  Rex  and  Re**  increases  as  K  increases,  whereas  the 
length  of  transition  decreases  in  terms  of  Re*  as  K  increases. 
For* the  K3  case,  the  length  of  the  test  section  was  insufficient 
to  obtain  fully  turbulent  conditions. 

The  momentum  boundary  layer  thickness,  thermal  boundary 
layer  thickness,  and  integral  parameters  for  each  case  are  shown 
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Fig.  10  Streamwise  fluctuating  turbulent  velocity  distributions  for  Kl  = 
0.07  x  10"*  in  wall  units 


Fig.  11  Streamwis©  fluctuating  turbulent  velocity  distributions  for  K2  - 
0.16  x  10"*  in  wall  units 


in  Fig.  5.  Increasing  the  pressure  gradient  suppresses  boundary 
layer  growth  and  development  through  the  transition  region. 
For  the  strongest  accelerating  case,  S3,  the  boundary  layer  dis¬ 
placement  thickness  and  the  momentum  thickness  actually  de¬ 
crease  in  the  downstream  direction.  This  is  consistent  with  the 
analytical  results  of  Zhou  and  Wang  (1992)  for  laminar  flows 
with  constant  K  values. 

Mean  Velocity  and  Mean  Temperature  Profiles.  The 
mean  velocity  and  temperature  profiles  for  cases  Kl  and  K2  are 
shown  in  wall  units  in  Figs.  6—9.  The  results  of  the  K3  case 
are  omitted  from  further  discussion  since  the  Sow  for  this  case 
never  reached  beyond  the  early  transition  region,  and  no  addi¬ 
tional  information  was  obtained.  For  the  lowest  accelerating 
case,  Kl,  the  mean  velocity  profiles  followed  the  laminar  solu¬ 
tion  up  through  station  7.  The  flow  was  transitional  from  stations 
8  through  10  and  matched  the  fully  turbulent  correlation  for  a 
zero  pressure  gradient  flow  from  station  11  to  station  14  (Fig. 
6).  Blair  (1982,  1992)  reported  that  the  velocity  profiles  for 
fully  turbulent  flow  with  K  =  0.2  x  10  also  matched  the  zero 
pressure  gradient  correlation.  However,  Julien  et  al.  (1969) 
reported  that  for  K  values  greater  than  0.57  x  10  ,  the  fully 

turbulent  velocity  profiles  slightly  “overshoot”  the  log-linear 
region  of  the  zero  pressure  gradient  turbulent  correlation.  Ap¬ 
parently,  low  K  values,  although  sufficient  to  affect  the  onset 
of  transition,  are  insufficient  to  cause  significant  deviation  from 
the  zero-pressure  gradient  turbulent  correlation.  The  mean  tem¬ 
perature  profiles  for  the  £1  case  are  shown  in  Fig.  7.  The  mean 
temperature  profiles  begin  to  deviate  from  the  laminar  solution 
at  the  same  location  as  the  mean  velocity  profiles;  however, 
comparison  of  the  transitional  profiles  reveals  that  the  stream- 
wise  evolution  of  temperature  lags  behind  the  velocity  distribu- 
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dons.  This  lag  is  evident  at  stations  11  and  12,  where  the  veloc¬ 
ity  profiles  are  in  close  agreement  with  the  law  of  the  wall, 
but  the  temperature  profiles  exhibit  a  much  shorter  logarithmic 
region  and  are  still  approaching  the  fully  turbulent  profile.  A 
similar  observation  was  made  by  Blair  (1982,  1992).  For  the 
Kl  case,  the  same  observation  is  made  in  Figs.  8  and  9.  The 
mean  velocity  profiles  in  the  turbulent  region  have  a  slightly 
steeper  slope  in  the  linear-log  region  than  does  the  zero  pressure 
gradient  turbulent  correlation.  No  obvious  wake  region  is  ob¬ 
served.  This  is  similar  to  the  “overshoot”  in  the  log-linear 
region  observed  by  Julien  et  al.  (1969).  For  the  transitional 
process,  the  lag  of  the  temperature  profiles  behind  the  velocity 
profiles  is  more  clear  in  the  Kl  case.  These  results  indicate 
that  the  development  of  momentum  transport  in  accelerating 
transitional  flows  leads  the  development  of  thermal  transport. 
Sharma  (1987)  showed  that  current  transition  modeling 
schemes  predict  the  momentum  boundary  layer  in  accelerating 
flows  well,  but  fail  to  predict  the  thermal  boundary  layer.  This 
failure  was  determined  to  be  due  to  the  different  paces  of  devel¬ 
opment  of  the  momentum  and  thermal  transport.  Sharma 
stressed  the  need  to  model  this  discrepancy  correctly  so  that 
accurate  predictions  can  be  obtained.  These  authors  believe  that 
an  improved  understanding  of  the  physical  mechanisms  can  be 
obtained  by  investigating  the  Reynolds  stresses  and  heat  fluxes 
inside  the  boundary  layer,  as  shown  in  the  following  sections. 

Streamwise  and  Cross-Stream  Turbulent  Fluctuating  Ve¬ 
locities  ( u'  and  o')-  The  streamwise  evolution  of  turbulent 
fluemating  velocity,  u  \  for  Kl  and  Kl  is  shown  in  Figs.  10  and 
11,  respectively.  The  turbulent  fluctuating  velocities  ( u '  and 
v')  are  related  to  the  Reynolds  stresses  as  pu'2  and  pv'1.  The 
laminar  stations  exhibit  a  peak  in  uf  at  approximately  Y~  = 
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Fig.  12  Cross-stream  fluctuating  turbulent  velocity  distributions  for  ffl 
=  0.07  x  10’’  in  wall  units 


0.05 
0.04 
0.03 

V  0.02 
0.01 
0.00 

10  100  Y+  1000  4000 


O  Sta05  T=0.00 

•  Sta06  r=o.oo 

□  Sta07  r=0.01 
■  Sta08  T=0.07 
A  Sta09  T=0.17 


0.05 

0.04 

0.03 

S8 

V  0.02 
0.01 
0.00 


10 


100 


1000 


4000 


Fig.  13  Cross-stream  fluctuating  turbulent  velocity  distributions  for  K2 
*  0.16  x  10~«  in  wad  units 


40.  The  magnitude  of  the  peak  intensity  in  the  baseline  case  is 
approximately  5  percent  of  the  free-stream  velocity.  The  magni¬ 
tudes  of  the  peak  intensities  for  the  pressure  gradient  cases 
range  from  7  to  9  percent  of  the  free-stream  velocity.  These 
values  are  similar  in  magnitude  to  the  intensities  observed  at 
the  onset  of  transition  for  the  baseline  case.  This  indicates  that 
in  the  presence  of  a  favorable  pressure  gradient,  a  laminar 
boundary  can  tolerate  a  higher  u '  without  undergoing  transition 
than  it  can  in  the  zero  pressure  gradient  case.  Within  the  transi¬ 
tion  region,  the  peak  intensity  observed  in  u'fU*  decreases  as 
K  increases.  For  the  baseline  case,  the  maximum  uf  in  the 
transition  region  was  19  percent  of  the  free-stream  velocity. 
This  maximum  value  slightly  decreased  to  18  percent  for  Kl 
and  to  16  percent  for  Kl.  For  all  three  cases,  the  peak  intensity 
in  uf  occurred  in  the  transition  region  at  approximately  Y*  = 
30,  near  the  beginning  of  the  velocity  log-linear  region.  For  the 
folly  turbulent  region,  as  K  increases,  the  peak  intensity  in  u' 
is  suppressed  in  the  near-wail  region  between  10  <  Y  *  <  "50, 
but  it  remains  at  the  same  level  at  the  end  of  the  log-linear 
region,  200  <  F*  <  300.  This  decrease  is  most  likely  due  to 
a  thickening  of  the  viscous  sublayer  relative  to  the  boundary 
layer  thickness.  It  should  be  noted  that  the  growth  of  both  the 
viscous  sublayer  and  die  boundary  layer  is  suppressed  by  a 
favorable  pressure  gradient:  however,  the  viscous  sublayer  is 
suppressed  less  than  the  boundary  layer. 

The  cross-stream  turbulent  fluctuating  velocities.  u\  for  Kl 
and  Kl  are  shown  in  Figs.  12  and  13,  respectively.  The  trend 
in  die  development  of  u'  for  the  accelerating  cases  is  similar  to 
that  observed  in  the  baseline  case,  but  with  less  magnitude 
in  the  transition  region  as  K  increases.  However,  one  distinct 
difference  is  observed  in  the  folly  turbulent  region.  For  the 
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baseline  case,  the  value  of  vf  in  the  velocity  log-linear  re=^°n 
(40  <  Y*  <  200)  is  fairly  constant,  with  a  value  of  about 
percent  of  the  free-stream  velocity.  As  K  increases,  this  value 
is  suppressed,  and  does  not  extend  as  far  out  into  the  boundary 
layer.  For  the  K2  case,  never  maintains  a  constant  value,  but 
progressively  decreases  from  the  near- wall  maximum.  It  ap¬ 
pears  that  pressure  gradient  affects  v '  more  in  the  outer  bound¬ 
ary  layer  than  in  the  near-wall  region.  . 

The  evolution  of  the  maximum  u  and  vr  for  Kl  and  K2  is 
compared  to  the  baseline  case  in  Fig.  14.  The  streamwise  loca¬ 
tions  are  aligned  with  the  onset  and  the  end  of  transition.  The 
results  are  similar  to  those  observed  from  the  baseline  case,  i.e., 
that  uf  increases  to  a  maximum  value  in  the  early  stage  o, 
transition  and  reduces  in  the  late  transition  region.  However,  v  * 
reaches  the  maximum  value  at  about  the  same  location  that  u 
reaches  the  maximum,  but  it  maintains  this  maximum  value  up 
through  the  turbulent  flow  region  (see  Kuan  and  Wang,  1989). 
The  location  of  the  peak  value  of  u  *  migrates  closer  to  the  wall 
as  the  flow  progresses  downstream.  Compared  to  the  values  of 
u '  and  v the  flow  in  the  transition  region  is  much  less  isotropic 
than  the  flow  in  a  fully  turbulent  boundary  layer. 

Reynolds  Shear  Stress  ( uv ).  Figures  15  and  16  show  the 
evolution  of  Reynolds  shear  stress  for  cases  Kl  and  K2,  respec¬ 
tively.  As  the  K  vake  is  increased,  the  ratio  of  the  turbulent 
shear  to  the  wall  shear  is  reduced  at  each  corresponding  F  value. 
For  example,  the  values  of  uvluT  at  station  8  (r  -  0.37)  for 
the  Kl  case  in  Fig.  15  are  higher  than  those  at  station  10  (r  - 
0.37)  for  the  K2  case  in  Fig.  16  (note:  the  large  scatter  observed 
for  station  8  is  due  to  the  low  intermittency  in  the  early  transition 
re<non).  This  is  due  to  the  increased  pressure  gradient,  which 
acts  to  make  the  velocity  profiles  fuller,  thus  increasing  the 
viscous  shear  near  the  wall.  In  the  pretransitionai  region,  nega¬ 
tive  values  occur  for  30  <  Y  *  <  80.  The  cause  of  these  negative 
values  is  not  clear.  In  the  transition  region  of  the  Kl  case,  the 
peak  values  of  uv  at  station  9  are  approximately  50  percent 
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larger  than  the  wall  shear.  This  indicates  that  the  turbulent  shear 
is  generated  within  the  boundary  layer  and  imposes  itself  on 
the  wall  shear,  as  in  the  baseline  case  (see  Wang  et  aL,  1992). 
For  the  K2  case,  the  turbulent  shear  never  exceeds  the  wall 
shear.  At  station  12,  shown  in  Fig.  16,  the  turbulent  shear 
reaches  a  maximum  value  of  approximately  90  percent  of  die 
waH  shear.  This  value  is  only  30  percent  greater  than  die  fully 
turbulent  value  of  station  14.  This  may  be  due  to  the  applied 
pressure  gradient  suppressing  the  local  turbulent  shear  genera¬ 
tion  at  Y +  w  100.  This  might  also  be  explained  as  follows:  The 
applied  pressure  gradient  results  in  an  effective  communication 
between  local  high  turbulent  shear,  generated  around  Y*  « 
100,  and  the  wall  such  that  the  wall  shear  is  quickly  adjusted 
to  the  produced  shear  away  from  the  wall.  Also,  a  comparison 
of  the  Reynolds  shear  stress  shown  in  Figs.  15  and  16  and  die 
u'  shown  in  Figs.  10-13  reveals  that  die  amplification  process 
of  the  Reynolds  shear  stress  near  the  onset  of  transition  between 
stations  6  and  7  is  faster  than  that  of  the  Reynolds  normal  stress. 

The  rms  Temperature  Fluctuation.  The  evolution  of  die 
rms  temperature  fluctuations  normalized  by  the  temperature  dif¬ 
ference  (Tw  -  T.)  is  shown  in  Figs.  17  and  18.  In  the  laminar 
region,  the  tr  profiles  are  similar  to  the  u'  profiles.  A  peak 
occurs  at  approximately  T*  =  40,  winch  is  greater  in  magnitude 
than  the  corresponding  profiles  for  the  baseline  case.  In  this 
region,  a  favorable  pressure  gradient  has  similar  effects  on  t 
and  u\  As  in  the  evolution  of  u\  shown  in  Figs.  10  and  11, 
there  is  little  change  in  t*  between  stations  6  and  7. 

As  transition  proceeds,  the  peak  of  t*  rapidly  increases  in 
magnitude,  similar  to  the  increase  observed  in  u'.  Direct  com¬ 
parison  of  the  evolution  of  r\  shown  in  Figs.  17  and  18,  to  the 
evolution  of  ur  and  v',  shown  in  Figs.  10—13,  indicates  a  lag 
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in  the  evolution  of  the  rms  temperature  fluctuations  relative  to 
the  fluctuating  velocities.  For  the  Kl  case,  the  t'  profiles  con¬ 
tinue  to  develop  up  through  station  13,  while  u'  in  Fig.  10 
reaches  an  equilibrium  state  by  station  1 1.  This  lag  of  t'  behind 
u'  in  reaching  equilibrium  is  more  pronounced  for  the  Kl  case, 
as  a  comparison  of  Figs.  11  and  18  reveals.  In  Fig.  17,  station 
13  has  two  distinctive  peaks  at  Y~  =  40  and  200,  respectively; 
station  14  has  a  constant  value  on  the  region  of  20  <  F*  < 
100  and  a  peak  value  at  Y  +  =  300.  This  supports  the  observation 
drawn  from  the  mean  temperature  and  velocity  profiles  that  the 
thermal  transport  lags  behind  the  momentum  transport  in  the 
transition  region. 

There  are  secondary  t '  peaks  occurring  at  the  outer  portion  of 
the  log-linear  region  in  the  late-transitional  and  early-turbulent 
stations  (stations  12-14  in  Fig.  17  and  stations  11-13  in  Fig. 
18).  The  magnitude  of  this  second  peak  (located  at  approxi¬ 
mately  Y*  «  200)  increases  as  K  increases,  and  actually  exceeds 
the  near- wall  peak  (located  at  approximately  Y*  -  30).  This 
effect  was  not  present  in  the  fluctuating  velocities,  which  indi¬ 
cates  that  an  applied  pressure  gradient  affects  the  thermal  struc¬ 
tures  differently  in  this  region  than  it  does  the  flow  structure. 
This  may  be  a  result  of  the  differences  between  the  transport 
mechanisms  of  momentum  and  heat. 

Reynolds  Heat  Fluxes  (Ff)  and  Tu).  Measurement  of  the 
cross-stream  Reynolds  heat  flux,  v r,  for  the  baseline  case  was 
discussed  in  detail  by  Wang  et  al.  ( 1992)  and  Keller  ( 1993). 
The  results  for  station  5  are  not  shown  since  the  flow  was 
pretransitional  and  vt  and  ui  are  near  zero.  Large  negative  values 
of  vt  were  obtained  in  the  inner  boundary  layer.  The  magnitude 
and  boundary  layer  penetration  of  these  negative  values  were 
the  greatest  in  the  midtransition  region.  As  the  transition  process 
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Fig.  16  Reynolds  shear  stress  distributions  for  K2  =*  0.16  x  10“*  case 
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advanced,  the  near-wall  region  of  negative  vt  became  narrower, 
finally  occupying  the  inner  5-10  percent  of  the  boundary  layer. 
A  negative  time-averaged  vt  in  a  thermal  field  of  negative  mean- 
temperature  gradient  results  in  a  negative  eddy  thermal  diffusiv- 
ity,  which  is  physically  inappropriate.  To  explore  this  issue 
more  fully  and  to  attempt  to  determine  whether  the  occurrence 
of  a  negative  vt  within  the  boundary  layer  was  a  real  physical 
phenomenon  or  an  induced  measurement  error,  several  possible 
explanations  were  investigated:  ( 1 )  insufficient  frequency  re¬ 
sponse  of  the  cold  wire  (thermal  lag),  (2)  thermal  cross-talk 
berween  the  hot  and  cold  wires,  (3)  spatial  resolution  of  the 
three- wire  probe,  and  (4)  three  dimensionality  of  the  transi¬ 
tional  flow. 

The  issues  of  frequency  response  and  thermal  cross-talk  were 
investigated  experimentally  and  determined  not  to  contribute  to 
the  negative  ur  measurements  (see  Keller,  1993).  t 

The  issue  of  spatial  resolution  of  the  probe  is  of  special 
concern  near  the  wall  since  the  eddy  size  decreases  as  the  wall  is 
approached,  which  may  result  in  the  two  crossed  wires  sensing 
different  velocities.  This  subject  was  investigated  by  Ugrani 
and  Bradshaw  (1987),  who  recommended  that  the  spanwise 
distance  between  the  sensors  be  S~  <  20  —  25,  where  S*  is 
the  spacing  between  the  wires  in  the  wall  coordinates.  For  the 
baseline  case,  5*  ranaed  from  12  to  23,  which  satisfied  the 
recommended  spacing.  Sohn  et  ai.  ( 1989)  also  observed  nega¬ 
tive  vt  in  the  transitional  boundary  layer  and  discussed  the  issue 
of  spatial  resolution.  They  believe  that  the  negative  vt  values 
may  be  due  to  sensor  spacing;  they  have  outlined  a  plan  to 
investigate  the  effects  of  5* ,  but  no  results  have  been  published 
to  date!  To  reduce  the  impact  of  spatial  resolution,  the  flow 
speed  was  reduced  to  8  m/s,  so  that  a  relatively  thicker  boundary 
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layer  could  be  obtained.  Similar  large  negative  values  ot  vt  were 
again  measured.  A  further  reduction  of  the  flow  speed  below  8 
ml s  resulted  in  total  laminar  flow  in  the  present  faciiiry,  so  the 
effect  of  spatial  resolution  is  not  resolved. 

The  issue  of  three-dimensional  effect  is  also  of  special  con¬ 
cern  for  two  reasons:  (a)  the  uncertainty  of  the  yaw  angle  can 
significantly  contribute  to  the  overall  measurement  uncertainty, 
and  (b)  the  spanwise  Reynolds  heat  flux,  wt  would  be  im¬ 
portant  for  transferring  thermal  energy.  An  uncertainty  analysis 
showed  that  a  ±2°  uncertainty  in  the  flow  angle  relative  to  the 
wire  can  contribute  to  z.20  percent  uncertainty  in  vr  measure¬ 
ment.  Although  20  percent  uncertainty  may  seem  large,  it  does 
not  alter  the  sign  from  a  negative  to  a  positive  value.  If  the 
effect  of  three  dimensionality  is  significant,  the  negative  vt 
might  be  valid,  because  the  downwash  flow  surrounding  the 
turbulent  spot  brings  in  cooler  flow  from  the  mainstream  toward 
the  wall.  This  implies  that  further  study  is  needed  to  measure 
ur  and  to  verify  that  the  measured  energy  transport  is  conserved 
in  a  control  volume  in  the  transitional  boundary  layer.  The 
effect  of  fluid  convection  due  to  thermal  gradients  in  the  heated 
boundary  layer  was  estimated  by  comparing  the  ratio  of  Grashof 
number  to  the  Reynolds  number  squared.  The  ratio  was  below 
0.1;  therefore  thermal  gradients  were  determined  to  be  insig¬ 
nificant.  and  were  not  considered  to  be  a  contributor  to  the 
effect  of  three  dimensionality.  ^ 

The  evolution  of  normalized  vt  for  the  accelerating  cases  is 
shown  in  Figs.  19  and  20.  The  results  are  very  similar  to  the 
results  of  the  baseline  case,  with  the  followingj;xce?tion.  As 
K  increases,  the  negative  values  of  normalized  vr  in  the  transi¬ 
tion  region  increase  in  magnitude  (i.e..  become  more  negative), 
extend  further  into  the  boundary  layer,  and  remain  longer  down- 
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Fig.  19  Cross-stream  Reynolds  heat  flux  distributions  for  Ki  -  0.07  x 
10"4  case 


stream.  As  the  velocity  increases  under  the  influence  of  a  favor¬ 
able  pressure  gradient,  the  spanwise  distance  between  the  sen¬ 
sors  (in  terms  of  S^)  increases,  although  S+  for  the  accelerating 
cases  met  the  criteria  recommended  by  Ligrani  and  Bradshaw 
(1987),  5*  <  20  ~  25.  If  spatial  resolution  of  the  sensor  is 
the  cause  of  the  negative  vr  measurements,  then  the  thinning  of 
the  boundary  layer  as  K  increases  might  explain  the  increase 
in  the  magnitude  and  the  boundary  layer  penetration  of  the 
negative  vr  values.  This  topic  is  discussed  in  detail  by  Keller 
(i"3). 

The  stream  wise  Reynolds  heat  flux,  wr,  normalized  by  the 
wall  heat  flux,  is  shown  in  Figs.  21  and  22.  For  the  J3aseline 
case,  the  magnitude  of  the  peak  value  of  normalized  ut  in  the 
transition  region  was  approximately  17  times  that  of  the  wall 
heat  flux.  For  the  accelerating  cases,  this  magnitude  increased 
to  approximately  20  times  the  wail  heat  flux.  The  location  of 
this  peak  value  moves  away  from  the  wail  as  K  increases.  For 
the  baseline  case,  the  peak  intensity  occurs  at  approximately 
Y+  -  30,  while  for  the  K2  case,  the  peak  has  moved  to  about 
Y*  «  50.  This  may  be  caused  by  a  thickening  of  the  conduction 
layer  relative  to  the  boundary  layer.  The  second  peak  at  Y~ 
=  200  that  was  observed  to  occur  in  t*  is  also  seen  in  the 
normalized  ut  profiles.  The  magnitude  of  this  second  peak,  rela¬ 
tive  to  the  magnitude  of  the  near-wall  peak,  also  increases  as 
K  increases.  This  indicates  that  a  favorable  pressure  gradient 
has  a  similar  impact  on  the  stream  wise  Reynolds  heat  flux  as 
it  has  on  r'. 

The  observations  made  from  the  Reynolds  stresses.  Reynolds 
heat  fluxes,  and  rms  temperature  fluctuations  within  the  bound¬ 
ary  layer  indicate  that  a  favorable  pressure  gradient  affects  ther¬ 
mal  structures  differently  than  it  affects  flow  structures  in  the 
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transitional  boundary  layer.  Conditional  sampling  must  be  used 
to  investigate  further  the  intermittent  flow  and  thermal  structures 
in  separate  nonturbulent  and  turbulent  portions  to  determine  the 
causes  of  the  differences  observed  and  to  address  the  impact  of 
the  large-scale  eddy  motion  on  these  structures  in  transitional 
boundary  layers. 

Eddy  Viscosity  (elVf).  Since  the  issue  of  negative  ur  mea¬ 
surements  was  not  resolved,  eddy  diffusivities  and  turbulent 
Prandtl  numbers  for  the  accelerating  cases  are  not  presented. 
The  evolution  of  the  eddy  viscosities  for  the  accelerating  cases 
normalized  by  their  viscous  counterparts  is  shown  in  Figs.  23 
and  24.  In  the  early  transition  region,  eM  is  approximately  zero. 
As  transition  progresses,  grows  rapidly,  reaching  a  peak 
magnitude  at  y/6  =  0.4  for  both  the  Kl  and  K2  cases,  similar 
to  that  observed  in  the  baseline  case.  While  the  yfS  location 
of  this  maximum  value  does  not  change  as  the  flow  moves 
downstream,  the  magnitude  of  the  maximum  value  continues 
to  increase.  As  K  increases,  the  peak  magnitude  of  the  eddy 
viscosity  is  reduced.  This  supports  the  observation  from  Figs. 
15  and  *16  that  the  ratio  of  turbulent  shear  to  the  wall  shear  is 
suppressed  as  K  increases. 

Uncertainty  Analysis 

Uncertainty  analyses  were  conducted  for  the  surface  measure¬ 
ments,  Cf  and  St,  the  boundary  layer  measurements,  0,  T,  u', 
wtJ,  and  ur,  and  the  integral  parameters,  6 *,  9,  and  H .  The 
propagation  of  the  individual  uncertainties  into  the  Anal  results 
was  determined  using  the  procedure  set  forth  by  Kline  and 
McClintock  (1953).  The  resultant  uncertainties  are  listed  in 
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Table  2.  A  complete  listing  of  the  uncertainties  and  details  of 
the  methods  used  are  documented  by  Keller  (1993). 

Conclusions 

The  effects  of  streamwise  acceleration  on  the  flow  and  ther¬ 
mal  structures  of  a  two-dimensional  heated  boundary  layer  un¬ 
dergoing  natural  transition  from  laminar  to  turbulent  flow  were 
investigated  in  detail.  A  specially  designed,  miniature  three- 
wire  probe  was  used  to  measure  the  Reynolds  stresses  and 


Table  2  Resultant  uncertainties 


Parameter 

Uncertainty 
magnitude  (%) 

Cf 

5 

Cf  (transition) 

13 

St 

4 

U 

2.8 

T 

-0 

u’ 

7.1 

uv 

11.9 

Vt 

21.0 

5* 

3.6 

9 

7.5 

H 

5.9 

Y+ 

4.7 

U+ 

4.7 

r- 

3.2 
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Fig.  22  Streamwise  Reynolds  heat  flux  distributions  for  K2  =  0.16  x 
10"9  in  wall  units 


heat  fluxes  within  the  transitional  boundary  layer.  The  primary 
conclusions  are  summarized  below. 

Streamwise  acceleration  was  shown  to  delay  the  point  of 
transition  onset  both  in  terms  of  physical  distance,  x,  and  Reyn¬ 
olds  number  based  on  x.  The  transition  onset  momentum  Reyn¬ 
olds  number.  Re*,  was  relatively  insensitive  to  acceleration.  In 
general,  the  physical  length  of  transition  increased  with  increas¬ 
ing  K.  However,  the  transition  length  in  terms  of  Re*  was  rela¬ 
tively  constant  with  increasing  K.  This  was  supported  by  the 
boundary  layer  thickness  and  integral  parameters,  which  indi- 
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Fig.  24  Distribution  of  eddy  viscosity  for  K2  -  0.16  x  10 


cated  that  an  increasing  pressure  gradient  suppresses  boundary 
layer  growth  and  development  through  the  transition  region. 
The  streamwise  fluctuating  turbulent  velocities  were  suppressed 
in  the  near- wall  region  (7*  <  50)  relative  to  the  baseline  case 
as  K  increased.  This  was  believed  to  be  caused  by  an  increased 
viscous  dampening  resulted  from  a  thickening  of  the  viscous 
sublayer  relative  to  the  boundary  layer  thickness.  The  lag  that 
was  observed  between  the  mean  temperature  profiles  and  the 
mean  velocity  profiles  for  the  baseline  case  became  more  pro¬ 
nounced  with  increasing  K .  Comparison  of  the  evolution  of  rms 
temperature  fluctuations  to  the  evolution  of  u'  indicated  a  lag  in 
the  rms  temperature  fluctuations.  This  supports  the  observation 
drawn  from  the  mean  temperature  and  velocity  profiles  that  the 
thermal  transport  lags  behind  the  momentum  transport  in  the 
transitional  process  and  that  the  effect  is  more  pronounced  as 
K  increases. 

These  results  suggest  that  in  performing  numerical  analyses 
of  transitional  boundary  layers,  the  thermal  transport  should  not 
be  directly  inferred  from  the  momentum  transport  by  a  simple 
extension  of  Reynolds  analogy. 
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shorten  the  length  of  transition.  On  the  other  hand, 
streamwise  acceleration  tends  to  be  generally  high  on  the 
suction  side  of  the  turbine  airfoils  near  the  leading  edge, 
in  the  exit  ducts  of  combustors,  and  on  the  pressure  side 
of  most  airfoils  near  the  trailing  edge.  The  strong  stabiliz¬ 
ing  effect  of  the  favorable  pressure  gradient  can  retard 
transition  and  sometimes  cause  reverse  transition  (e.g., 
relaminarization)  [3].  Understanding  the  combined  effects 
of  these  two  parameters  on  transition  is  important  for 
designing  high-performance  gas  turbines. 

Little  experimental  work  has  been  found  in  the  litera¬ 
ture  on  the  effect  of  free-stream  turbulence  combined 
with  the  presence  of  streamwise  acceleration  (or  favorable 
pressure  gradients)  on  boundary  layer  transition  in  heated 
flows.  In  Blair's  [6]  experimental  work,  two  constants  K 
values  of  0.20  x  10”6  and  0.75  x  10“6  were  investigated 
with  FSTIs  ranging  from  approximately  0.7  to  5 %.  The 
onset  and  the  end  of  transition  for  the  various  flow 
conditions  were  determined  from  both  the  wall  heat  trans¬ 
fer  and  the  velocity  profile  data.  For  two  test  cases  (K  * 
0.20  x  1(T6,  FSTl'«  2%;  K  =  0.75  x  10“6,  FSTI  -  4%), 
in  which  turbulence  intensity  had  a  more  pronounced 
effect  than  flow  acceleration,  the  results  for  the  onset  and 
the  end  of  transition  from  the  mean  velocity  profile  and 
the  wall  heat  transfer  distribution  measurements  agreed 
closeiv.  However,  for  the  other  two  cases  ( K  =  0.2  X  10”6, 
FSTI  =  1%;  K  =  0.75  x  10-6,  FSTI  *  2%),  in  which  flow 
acceleration  was  more  dominant  than  turbulence  inten¬ 
sity,  Blair  claims  that  the  lengths  of  the  transitional  flows, 
as  determined  from  the  wall  heat  transfer  distributions, 
became  at  least  one-third  longer  than  those  indicated  by 
the  shape  factor  distributions.  The  velocity  and  tempera¬ 
ture  profile  data  showed  that  the  development  of  the 
transitional  temperature  profiles  lagged  behind  that  of  the 
velocity  profiles.  These  results  indicated  that  the  fully 
turbulent  momentum  boundary  layer  was  established  in  a 
shorter  distance  than  was  required  for  the  thermal  bound- 
aiv  layer  under  the  favorable  pressure  gradient  at  FSTT 
<  29c.  Blair's  data  also  showed  that  the  measured  loca¬ 
tion  of  the  onset  of  transition  agreed  closely  with  the 
theoretical  prediction  of  van  Dries:  and  Blumer  [7]. 

Rued  and  Wittig  [8]  investigated  the  effects  of  free- 
stream  turbulence  and  streamwise  pressure  gradient  on 
heat  transfer  and  boundary  layer  development  on  highly 
cooled  surfaces.  The  free-stream  turbulence  levels  ranged 
from  1.6  to  11%,  and  two  streamwise  pressure  gradient 
distributions  with  a  maximum  K  value  of  6  x  10  6  (not  a 
constant  K  value)  were  considered.  Heat  transfer  was 
systematically  compared  with  and  without  acceleration. 
Comparing  the  results  with  those  of  zero  pressure  gradi¬ 
ent  flows  at  FSTI  of  1.6  and  2 they  observed  that 
delayed  transition  caused  by  a  favorable  pressure  gradient 
reduces  the  Stanton  numbers  in  the  downstream  part  of 
the  plate.  In  the  leading  edge  region,  however,  the  lami¬ 
nar  heat  transfer  coefficients  increased  by  approximately 
20%  because  of  the  streamwise  acceleration.  At  a  high 
FSTI  (8-11%  at  the  leading  edge),  transition  occurred 
immediately  behind  the  leading  edge.  A  strong  accelera¬ 
tion  (K  =  3.2  x  10‘6)  did  not  "affect  the  onset  of  transi¬ 
tion  in  such  high  FSTI  cases  but  rather  resulted  in  lower 
local  Stanton  numbers.  When  the  acceleration  parameter 
K  was  increased  {K  =  5.7  X  10“*)  bv  reducing  the  free- 
stream  velocity,  the  results  showed  that  even  at  the  high¬ 
est  FSTI  (11  %)  the  transition  was  delayed.  Furthermore, 


for  lower  turbulence  levels  (up  to  4%),  no  transition 
occurred  during  acceleration.  For  the  strongest  accelera¬ 
tion  case  ( K  =  5.7  X  10“6),  the  Stanton  numbers  near 
the  leading  edge  increased  with  raised  turbulence  levels  of 
7-11%,  although  the  slopes  of  the  Stanton  number  distri¬ 
butions  (St.  vs.  Re,)  near  the  leading  edge  were  parallel  to 
those  of  a  laminar  flow.  All  of  the  information  provided 
for  the  acceleration  cases  was  based  only  on  the  heat 
transfer  of  the  test  surface.  No  detailed  measurements  in 
the  boundary  layers  were  presented. 

Mayle  [3]  reviewed  the  pressure  gradient  effect  on 
boundary  layer  transition  and  discussed  the  effects  of 
acceleration  on  both  the  spot  production  rate  and  the 
onset  of  transition.  The  momentum  thickness  Reynolds 
number  at  the  onset  of  transition  increases  with  an  in¬ 
crease  in  acceleration  or  a  decrease  in  the  free-stream 
turbulence  level.  According  to  Mayle’s  review,  the  effect 
of  acceleration  is  significant  for  low  turbulence  levels, 
whereas  it  is  negligible  for  the  turbulence  levels  found  in 
gas  turbines. 

In  addition  to  the  onset  and  the  end  of  transition, 
understanding  the  evolution  of  flow  and  thermal  struc¬ 
tures  during  laminar-turbulent  transition  is  extremely 
important  in  improving  computational  modeling  for  pre¬ 
dicting  transitional  flow  and  heat  transfer.  This  paper 
emphasizes  the  study  of  the  development  of  flow  and 
thermal  structures  in  boundary  layers  under  the  combined 
influences  of  elevated  FSTI  and  streamwise  acceleration 
during  laminar-turbulent  transition. 

EXPERIMENTAL  PROGRAM 

The  detailed  experimental  facility,  instrumentation,  data 
acquisition  and  reduction,  and  experimental  procedures 
have  been  demonstrated  by  Kuan  and  Wang  [9]  and  Wang 
et  al.  [10].  Therefore,  only  a  brief  description  of  the 
experimental  program  is  provided  here. 


Wind  Tunnel 

The  present  study  employs  a  2-D,  open-circuit,  blowing 
type  wind  tunnel.  The  flow  rate  can  be  adjusted  from  0.5 
to  35  m/s.  The  steadiness  of  the  free-stream  velocity  and 
temperature  can  be  maintained  within  1%  and  0.5°C. 
respectively,  for  a  24-h  period;  the  uniformity  is  within 
0.7%  and  0.1°C. 


Test  Section 

The  rectangular  test  section  is  0.15  m  wide,  2.4  m  long, 
and  0.92  m  high  with  an  aspect  ratio  of  6.  This  large 
aspect  ratio  reduces  edge  effects  and  ensures  two-dimen¬ 
sionality  of  the  boundary  layer  flow.  One  of  the  test 
section  walls  serves  as  the  test  wall.  The  heat  patch  inside 
the  test  wall  is  constructed  of  a  serpentine  heater  foil 
sandwiched  between  glass  cloth  and  silicone  rubber  sheets. 
The  surface  temperature  is  measured  by  184  (3-mil) 

E-type  thermocouples.  Fourteen  measuring  holes  have 
been  drilled  along  the  outer  observation  wall  centerline  in 
the  test  section,  and  measurements  are  obtained  by 
traversing  probes  through  these  holes  into  the  test  sec¬ 
tion.  The  spacing  between  the  centerline  thermocouples  is 
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i  y  cm  (1  in.),  and  the  spacing  between  the  measuring 
holes  is  15.24  cm  (6  in.).  Boundary  layer  suction  is  applied 
at  the  leading  edge  of  the  test  section. 


Flow  Acceleration 

In  this  experiment,  the  streamwise  acceleration  parameter 
K  is  kept  constant  in  the  test  section  simply  by  setting  the 
test  section  into  a  wedge  shape  and  then  fine-tuning  the 
test  section  wall  to  accommodate  the  growth  of  the 
boundary  laver.  It  should  be  noted  that  a  constant  K  flow 
is  inherently  different  from  a_Falkner-Skan  flow  which 
has  a  constant  A  [-  (8 l/v)dUJdx]  value  (see  the  discus¬ 
sion  in  Zhou  and  Wang  [HD.  Since  no  boundary  layer 
thickness  needs  to  be  measured,  a  constant  K  flow  can  be 
more  conveniently  obtained  m  a  bounded  test  section 
than  can  a  Falkner-Skan  flow. 


Turbulence-Generating  Grids 

The  background  FSTI  of  this  wind  tunnel  is  about  0.5%. 
The  higher  turbulence  levels  required  for  this  study  are 
generated  bv  inserting  various  turbulence-generating  grids 
into  the  wind  tunnel.  The  turbulence-generacing  grids 
con-fist  of  biplanar  rectangular  bar  arrays  with  approxi¬ 
mately  69%  open  area  (Fig.  1).  Based  on  the  recommen¬ 
dation  of  Baines  and  Peterson  [12],  the  grids  are  designed 
to  produce  turbulence  levels  ranging  from  approximately  3 
to  in  the  test  section.  Grid-generated  turbulence  de- 
cays  with  distance  from  the  grid.  The  rate  of  decay  be- 
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Figure  1.  Grid  configuration  and  FSTI  produced. 


comes  smaller  as  the  distance  from  the  S^d  mcreases.  In 
order  to  generate  homogeneous  and  slowly  decaying  tur¬ 
bulence,  the  turbulence-generating  grids  are  inserted  at 
the  entrance  of  the  main  tunnel  contraction  instead  of  at 
the  inlet  of  the  test  section.  The  grids  are  rrferred i  to  as 
arids  1,  2,  and  3  and  have  corresponding  mesh  widths,  M, 
of  19.05,  24.13,  and  33.02  cm,  respectively.  The  test  case 
with  only  background  turbulence  (no  grid)  serves  as  the 


Instrumentation  and  Data  Reduction 

A  three-wire  sensor  was  specifically  designed  to  simulta¬ 
neously  measure  the  instantaneous  longitudinal  velocity, 
the  cross-stream  velocity,  and  the  temperature.  The  devel¬ 
opment  and  qualification  of  this  three-wire  sensor  have 
been  described  by  Shome  [13]  and  are  not  repeated  here. 
Only  new  experiences  in  obtaining  measurements  encoun¬ 
tered  in  this  study  are  described  below. 

Basically,  the  three-wire  sensor  consists  of  an  X-array 
of  gold-plated  tungsten  wires  for  measuring  velocities  and 
a  1.2-u.m  platinum  wire  for  measuring  temperature,  to 
allow  near-wall  measurement  and  to  reduce  probe  inter¬ 
ference,  the  probe  support  was  bent  at  an  “8“ '  ™  ™ 
from  the  wire  axis.  Due  to  this  1(P  inclined  angle,  the 
cross-wires  have  35°  and  —  55°  slant  angles,  respective  y, 
relative  to  the  probe  axis  instead  of  the  ±45°  angles  used 
for  traditional  X-wires.  However,  the  X-wnes  are  still 
orthogonal  to  each  other.  The  two  X-wires  are  operatedm 
the  constant-temperature  mode.  The  method  of  Chua  and 
Antonia  [14]  is  used  for  correcting  temperature  contami¬ 
nation  of  the  hot  wires. 

The  1  2-um  platinum  wire  is  operated  at  a  very  low 
current  of  0.1  mA  (cold  wire)  in  the  constant-current 
mode.  To  sufficiently  extend  the  length  of  transition  tor 
detailed  measurements  on  the  test  wall,  extremely  low 
speed  flows,  down  to  1.7  m/s,  are  provided  for  the  ele¬ 
vated  FSTI  cases.  At  this  low  speed,  relatively  low  over¬ 
heat  ratios  for  the  X-wires  are  required  to  minimize  the 
“cross-talk”  between  the  X-wires  and  the  temperature 
sensor.  This  cross-talk  is  primarily  caused  by  the  fluctuat¬ 
ing  radiation  emanating  from  the  hot  wires  to  the  cold 
wires.  The  X-wires  generally  have  better  velocity  sensitiv¬ 
ity  at  higher  overheat  ratios.  As  a  compromise,  an  over¬ 
heat  ratio  of  about  1.2  is  chosen  for  the  X-wires,  which 
makes  the  reading  error  of  the  temperature  wire  caused 
bv  the  adjacent  hot  wires  negligible.  The  overheat  ratio  of 
12  was  obtained  by  gradually  reducing  the  overheat  ratio 
from  1.6  to  a  value  at  which  the  cold  wire  reading  did  not 
varv,  even  when  the  hot  wires  were  switched  on  and  ott. 

At  low  free-stream  velocities,  it  is  found  that  if  the  now 
direction  deviates  by  a  smail  angle  from  ±45®  to  foe 
X-wires,  a  significant  change  in  the  results  for  the  Reynolds 
shear  stress'll??)  and  foe  cross-stream  Reynolds  heat  flux 
(Z7)  would  occur.  A_  typical  flow  angle  of  1°  can  result  m  a 
15%  error  in  the  uv  and  vt  measurements  at  a  free-stream 
velocity  of  2  m/s.  This  small  flow  angie,  which  can  be 
found  by  assuming  that  the  mean  cross-stream  velocity 
{V)  is  zero  in  the  free  stream,  is  added  to  foe  data 
reduction  process.  The  frequency  response  of  foe  plat¬ 
inum  wire  was  tested  to  be  from  4000  to  6000  Hz  for  a 
velocity  range  of  2-15  m/s.  Therefore,  frequency  com¬ 
pensation  was  deemed  unnecessary.  The  detailed  fre- 


c 


Figure  2.  Free-stream  turbulence.  (a)  Intensity  distributions; 
( b )  integral  length  scale  distributions:  (c)  spectral  distribu¬ 
tion. 

quency  response  test  procedure  and  qualification  are  dis¬ 
cussed  in  Keller  [15]. 

A  TSI  Model  IFA  100  intelligent  flow  analyzer  system  is 
used  as  a  constant-temperature  anemometer.  A  DISA 
M20  temperature  bridge  is  used  for  operating  the  cold 
wire  in  the  constant-current  mode.  An  80386  PC  is  used 
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as  the  data  acquisition  controller.  A  MetraByte  DAS-20 
A/D  data  acquisition  board  and  high-speed  data  acquisi¬ 
tion  software,  STREAMER,  are  used  to  acquire  data.  The 
sampling  rate  is  2  kHz,  and  the  sampling  duration  is  20  s. 

The  wall  temperature  measurements  are  performed 
through  a  FLUKE  Model  8842A  digital  multimeter  with  a 
built-in  A/D  convener  and  a  FLUKE  2205 A  100-channel 
switch  controller. 

The  wall  Stanton  number  is  calculated  from  the  power 
supplied  to  the  heated  test  wall  and  the  wall  temperature 
measurement.  The  heat  flux  is  corrected  for  the  radiation 
loss,  back  loss,  and  streamwise  conduction  loss.  The  wall 
temperature  is  corrected  for  the  temperature  gradient  in 
the  front  polycarbonate  wall,  compressibility,  and  recovery 
effect  The  deiailed  data  reduction  process  and  uncer¬ 
tainty'  analysis  are  documented  in  Zhou  [16].  The  uncer¬ 
tainty'  of  the  Stanton  number  is  3%  in  the  laminar  and 
turbulent  regions_and  5%  in  the^transitional  region.  The 
uncertainties  of  £/,  7\  u\  v\  t\  ui\  ut.  and  vt  near  the  wall 
in  the  transitional  region  are  shown  in  Table  1. 

RESULTS  AND  DISCUSSION 

Wall  heat  transfer  measurements  for  16  accelerating  cases 
were  made  first.  The  strongest  acceleration  was  at  K  = 
1.4  x  10~6.  Then  four  accelerating  cases  were  chosen  for 
detailed  measurements  of  flow'  and  thermal  structures  in 
the  boundary  layers.  For  convenience,  these  four  cases  are 
referred  to  as  G1K1  (grid  L  K  =  039  x  10~6),  G1K2 
(grid  1.  K  -  0.83  X  10”6),  G3K2  (grid  3,  K  =  0.83  x 
10"6).  and  G3K3  (grid  3,  K  =  1.0  x  10"6).  The  zero 
pressure  gradient  cases  are  referred  to  as  G1K0  and 
G3K0,  respectively.  The  results  of  the  baseline  case  were 
reported  in  a  previous,  paper  by  Wang  et  al.  [10].  The 
results  of  the  elevated  FSTI  cases  without  streamwise 
acceleration  were  reported  by  Zhou  and  Wang  [17],  and 
the  results  of  the  effect  of  acceleration  at  low  FSTI  were 
reported  by  Keller  [15]  and  Keller  and  Wang  [18]. 

The  FSTI  distributions  along  the  streamwise  direction 
in  the  test  section  are  based  on  the  three  components  of 
the  velocity  fluctuation  and  are  shown  in  Fig.  2a.  As 
shown  in  this  figure,  the  FSTI  remains  almost  constant 
through  the  test  section  for  the  baseline  case  and  the  grid 
1  case.  For  the  grid  3  case,  the  FSTI  decays  in  the  test 
section.  The  FSTI  decays  faster  in  the  presence  of  stream- 
wise  acceleration  than  it  does  in  the  zero  pressure  gradi¬ 
ent  case.  The  integral  length  scales,  based  on  the  stream- 
wise  velocity  fluctuation,  are  shown  in  Fig.  2b.  It  is 
expected  that  the  integral  length  scales  downstream  of  the 
grids  will  be  controlled  by  the  grid  sizes.  Generally,  v  '/uf 
is  close  to  unity  and  w' /uf  is  less  than  unity'. 

The  spectral  distributions  of  u*  in  the  free  stream  for 
all  three  eievated  FSTI  cases  with  and  without  streamwise 
acceleration  are  similar.  One  representative  case  is  shown 
in  Fig.  2c.  The  1-D  spectrum,  £//),  is  normalized  by  u'2, 
the  integral  length  scale  Ay,  and  the  free-stream  velocity 


Table  1.  Uncertainties  of  U,  7,  u\  v\  t\  uv,  ut ,  and  vt  in  the  Transitional  Region _ 

Parameter  U  (T  -  TJ  /  (Tw  -  Tj  u*  v ’  t*  /  (Tw  -  L)  uv  ut  vt 

Uncertainty  33  1.7  3.6  8.4  1.8  L.O  3.7  20.4 

(%) 
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Figure  3.  Cp  distributions  in  the  test  section. 


£/x.  The  frequency  /  is  normalized  by  Af  and  £4.  Also 
shown  in  this  figure  is  Taylors  1-D  energy  spectrum  [19]. 
The  spectral  distribution  £j(/)  follows  Taylor’s  1-D  en¬ 
ergy  spectrum  in  the  low-frequency  range  and  deviates 
from  it  in  the  high-frequency  range.  In  the  high-frequency 
range,  the  spectrum  £,( /)  has  a  distinctive  slope  of  -  4. 
This  is  consistent  with- the  typical  spectrum  of  grid-gener¬ 
ated  equilibrium  turbulence  [20].  The  C„  distributions  in 
the  test  section  are  shown  in  Fig.  3  for  the  four  accelera¬ 
tion  cases.  The  reference  pressure  was  taken  at  station  1. 


Heat  Transfer 

Three  sets  of  Stanton  number  data  are  taken  for  each 
case  in  each  22-h  run.  Between  these  wall  tempera¬ 
ture  measurements,  boundary  layer  measurements  are 
conducted. 

The  centerline  Stanton  number  distributions  for  the 
grid  1  and  grid  3  cases  are  shown  in  Figs.  4  and  5, 
respectively.  The  unheated  starting-length  effect  is  in¬ 
cluded  in  the  laminar  correlation.  It  should  be  noted  that 
the  laminar  correlation  with  unheated  starting  length, 
when  it  is  plotted  in  St  vs.  Rex,  appears  differently  for 
various  free -stream  velocities.  In  the  laminar  portion,  the 
effects  of  acceleration  on  the  Stanton  number  distribu¬ 
tions  for  the  grid  1  cases  are  negligible  (Fig.  4);  however, 
for  the  grid  3  cases  (Fig.  5),  the  Stanton  numbers  for  the 
zero  pressure  gradient  case  (G3K0)  are  about  5%  higher 
than  for  the  accelerated  cases  (G3K2  and  G3K3).  This 
indicates  that  a  mild  acceleration  can  effectively  counter¬ 
act  the  enhanced  heat  transfer  due  to  elevated  FSTI.  A 
further  increase  in  acceleration  does  not  result  in  any 
additional  effect  on  Stanton  numbers  in  the  laminar  re- 


Figure  4.  Stanton  number  distributions  for  grid  1  (FSTI  * 
3.8%). 


Figure  5.  Stanton  number  distributions  for  grid  3  (FSTI  - 
6.4%). 


gion.  However,  for  the  streamwise  acceleration  cases,  the 
Stanton  number  distributions  do  not  reach  the  turbulent 
correlation.  The  turbulent  correlation,  including  the  ef¬ 
fects  of  both  FSTI  and  the  pressure  gradients,  is  not 
available  to  the  authors.  The  STAN5  code  was  then  used 
to  generate  a  turbulent  curve  for  the  effect  of  acceleration 
at  zero  FSTI.  The  mixing  length  model  was  used  with  an 
empirical  correction  for  the  pressure  gradient  effect.  Since 
the  effect  of  acceleration  on  St  is  not  significant,  correla¬ 
tion  with  only  one  K  value  is  shown. 

In  Figs.  4  and  5,  the  onset  of  transition  is  defined  as  the 
location  where  the  Stanton  number  starts  to  deviate  from 
the  laminar  correlation,  and  the  end  of  transition  is  de¬ 
fined  as  the  location  where  the  Stanton  number  merges 
with  the  turbulent  correlation.  As  expected,  higher  FSTI 
leads  to  an  earlier  onset  and  an  earlier  end  of  transition, 
and  the  streamwise  accelerations  delay  the  onset  of  transi¬ 
tion.  It  appears  that  elevated  FSTI  has  a  more  pro¬ 
nounced  effect  on  the  onset  of  transition  than  the  favor¬ 
able  pressure  gradient  does,  while  the  end  of  transition  is 
greatly  affected  by  the  pressure  gradient.  It  is  known  that 
transition  onset  promoted  by  FSTI  is  often  accompanied 
by  a  shortened  transition  length  [3,  17,  21];  however,  it  is 
clear  that  the  length  of  transition  for  each  of  the  acceler¬ 
ating  cases  in  Figs.  4  and  5  is  increased  by  the  effect  of 
favorable  pressure  gradients.  It  is  especially  unexpected  to 
see  that  the  effect  of  the  pressure  gradient  on  the  transi¬ 
tion  length  is  more  pronounced  at  higher  FSTI  cases,  as 
shown  by  comparing  the  almost  horizontal  slopes  of  the 
Stanton  number  distributions  for  the  G3K2  and  G3K3 
cases  in  Fig.  5  with  the  steeper  slopes  for  the  grid  1  cases 
in  Fig.  4.  It  can  be  seen  in  Fig.  5  that  neither  the  G3K2 
nor  the  G3K3  cases  complete  the  transition  process  in  the 
present  facility. 

Without  acceleration,  a  typical  relation  between  the 
onset  and  the  end  of  transition  Reynolds  number  is 
Rec  e  =  1.8-2.2Rex  s.  In  an  attempt  to  reach  ^the  end  of 
transition  for  the  G3K2  and  G3K3  cases,  was  in¬ 
creased:  this  increase  caused  the  K  values  to  decline.  The 
related  physical  parameters  at  the  onset  and  the  end  of 
transition  are  listed  in  Table  2.  For  both  elevated  FSTI 
conditions,  mild  accelerations  (cases  G1K1  and  G3K2) 
delay  the  onset  of  transition  by  about  50%  in  Rex,  whereas 
a  further  increase  of  acceleration  (cases  G1K2  and  G3K3) 
does  not  affect  the  onset  of  transition  much,  even,  as 


Experiments  in  Transitional  Boundary  Layers  343 


Table  2.  Reynolds  Numbers  at  Onset  and  End  of  Transition 


Baseline 

G1K0 

G2K0 

G3K0 

G1K1 

G1K2 

G3K2 

G3K3 

FSTI  at  Xs 

A‘  x  10h 

0.5  % 

0 

3.8% 

0 

5.5% 

0 

6.4% 

0 

3.8% 

0.39 

3.8% 

0.83 

6.4% 

0.83 

6.4% 

LOO 

Onset  of  transition 

X  (cm) 

Rex 

Reg* 

Re^ 

68 

5.5  x  105 
129** 

492 

45 

6.0  X  104 
386 

161 

45 

5.0  X  104 
355 

148 

42 

4.5  X  104 
314 

131 

62 

0.9  x  10s 
489 

196 

77 

1.2  x  105 
505 

210 

47 

0.7  X  105 
-  414 

169 

62 

0.8  X  10s 
425 

175 

End  of  transition 

A*  (cm) 

Re, 

Reg* 

137. 

11.2  x  105 
1826 

1302 

150 

10  x  105 
735 

480 

144 

1.6  X  105 
659 

404 

139 

15  x  105 
608 

375 

Not  available 

Length  of  transition 

( Transition  is  not  completed 
at  the  end  of  the  test  section ) 

A'  (cm) 

Re, 

Reg* 

Re  s 

.69 

5.7  X  105 
532 

810 

105 

1.4  x  105 
349 

319 

99 

1.1  X  105 
304 

256 

97 

1.0  x  105 
294 

244 

shown  in  Fig.  6,  with  stronger  K  values  up  to  as  high  as 
4.1  x  1(T6. 

Skin  Friction 

The  skin  friction  coefficients  in  the  laminar  and  transi¬ 
tional  regions  are  determined  by  extrapolating  the  linear 
viscous  layer  velocity  correlation  to  the  wall.  The  Clauser 
technique  is  employed  for  determining  the  skin  friction 
coefficients  in  the  turbulent  region  by  best  fitting  the  data 
points  to  the  logarithmic  law-of-the-wall  profile.  The  de¬ 
velopment  of  the  skin  friction  coefficients,  shown  in 
Fig.  7a,  is  similar  to  that  of  the  Stanton  numbers.  Based 
on  the  analysis  from  Zhou  and  Wang  [11],  stronger  accel¬ 
erations  (or  larger  K  values)  results  in  higher  Cf  values  in 
the  laminar  boundary  layer,  as  can  be  seen  in  Fig.  7a.  For 
different  streamwise  accelerations,  the  laminar  solutions 


Figure  6.  Stanton  number  distributions  for  grids  2  and  3. 


a 


b 

Figure  7.  (a)  Skin  friction  coefficient  distributions.  ( b )  Skin 
friction  coefficient  distributions  for  accelerated  cases  using 
the  scaling  parameters  suggested  by  Zhou  and  Wang  [111 
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of  Cf/2  vs.  Rex  have  different  curves: 

HT  1  . -  4 

C'-4Va  + 


(1) 


where  [11] 


The  effect  of  acceleration  on  heat  transfer  in  the  laminar 
boundarv  laver  is  very  mild,  so  only  the  correlation  curves 
for  K  =  0  are  plotted  in  Figs.  6  and  7  in  order  to  keep 
both  figures  clear.  The  Cf  distributions  for  various  K 
values  can  be  collapsed  into  one  curve  in  the  laminar 
region,  as  shown  in  Fig.  lb,  by  using  the  nondimensional 
parameters  suggested  by  Zhou  and  Wang  [11]: 


The  effect  of  acceleration  on  the  onset  of  transition, 
which  can  be  seen  more  clearly  in  Fig.  lb  than  in  Fig.  la, 
shows  that  the  effect  of  acceleration  on  the  onset  of 
transition  is  more  pronounced  for  lower  FSTI  cases 
(grid  1)  than  it  is  for  higher  FSTI  cases  (grid  3).  It  is  more 
convenient  to  use  K  Rex  values  for  accelerating  flows 
than  Rer. 


Onset  and  End  of  Transition 


In  the  present  study,  the  onset  and  the  end  of  transition 
are  primarily  determined  from  the  Stanton  number.  Fur¬ 
thermore,  they  are  cross-checked  with  the  skin  friction 
distributions,  the  evolution  of  the  mean  velocity  and  tem¬ 
perature  profiles,  and  the  internal  ttency  distribution.  For 
accelerating  cases,  the  end  of  transition  is  obtained  by 
extrapolating  the  Stanton  number  distribution  to  the  tur¬ 
bulent  correlation.  The  corresponding  values  of  x,  Rex, 
Reg*,  and  Re„  at  the  onset  and  at  the  end  of  transition 
for  each  case  are  listed  in  Table  2.  The  results  indicate 
that  elevated  FSTI  results  in  an  early  onset  of  transition 
and  a  reduced  extent  of  transition  length  based  on  Rex  as 
well  as  Reg*  and  Re9.  Although  the  end  of  transition 
does  not  occur  in  the  test  section  for  the  accelerating 
cases,  it  can  be  seen  by  comparing  the  Stanton  number 
distributions'  with  the  turbulent  correlations  in  Figs.  4-6 
that  streamwise  acceleration  delays  the  onset  of  transition 
even  at  elevated  FSTI  and  significantly  increases  the  length 
of  the  transition  region. 

From  the  onset  and  the  end  of  transition  Reynolds 
numbers,  the  turbulent  spot  formation  rate  can  be  calcu¬ 
lated  based  on  the  equation  [3] 


her 


4.6  Uv2 

(xc  -x,)2Us3  ’ 


where  U  is  an  average  free-stream  velocity  for  the  transi¬ 
tion  region.  The  onset  of  transition,  based  on  the  momen¬ 
tum  thickness  Reynolds  number,  and  the  calculated  tur¬ 
bulent  spot  formation  rate  her  are  plotted  in  Fig.  8. 
Also  shown  are  the  empirical  correlations.  Re„,  - 
400(FSTI)-5/8  and  ha  -  1.5  X  10"  n(FSTI)7/4,  given  by 
Mayle  [3],  which  were  formulated  on  the  basis  of  flat-wall, 
nonaccelerated  flow  data.  For  the  elevated  FSTI  cases  at 


Figure  8.  Transition  onset  and  turbulent  spot  formation  rate. 
NA  =  not  available. 


zero  pressure  gradient,  the  present  data  agree  with  Mayle’s 
correlation.  For  the  baseline  case,  the  onset  of  transition 
is  earlier,  and  the  calculated  ha  is  larger  than  that 
predicted  by  Mayle’s  correlation.  For  accelerating  cases, 
the  onset  of  transition  momentum  Reynolds  numbers  are 
slightly  higher  than  Mayles  correlation.  Since  the  end-of- 
transition  locations  for  the  accelerated  cases  are  not 
known,  the  turbulent  spot  formation  rates  are  not  shown 
in  Fig.  8. 


Mean  Velocity  and  Temperature  Profiles 

With  abundant  information  and  data  collected  in  the 
boundary  layers  in  this  study,  only  the  G3K3  case  is 
chosen  as  the  representative  to  be  compared  with  the 
baseline  and  G3K0  cases  in  order  to  investigate  the  com¬ 
bined  effects  of  elevated  FSTI  and  streamwise  accelera¬ 
tion  on  the  transitional  flow  and  thermal  structures  in  the 
boundary  layer.  The  mean  velocity  and  temperature  pro¬ 
files  for  the  G3K0  case  are  plotted  in  wall  units  in  Figs.  9 
and  10,  respectively.  Since  their  overall  evolution  during 
the  transition  process  is  similar  to  that  of  the  2%  FSTI 
case  previously  reported  by  Wang  et  al.  [21],  only  three 
profiles  of  each  are  shown  as  representative  of  the  mean 
profile  characteristics  in  the  laminar,  transitional,  and 
turbulent  flow  regions,  respectively.  The  mean  velocity 
and  temperature  profiles  for  the  G3K3  case  are  plotted  in 


Figure  9.  Mean  velocity  profiles  for  the  G3K0  case. 
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Figure  10.  Mean  temperature  profiles  for  the  G3K0  case. 


Figure  12.  Mean  temperature  profiles  for  the  G3K3  case. 


wall  units  in  Figs.  11  and  12,  respectively.  In  the  laminar 
region,  even  at  elevated  values  of  FSTI,  the  mean  profiles 
are  consistent  with  the  laminar  flow  solutions.  The  Blasius 
solution  is  used  for  nonaccelerated  cases,  and  solutions 
from  Zhou  and  Wang  [17]  are  used  for  accelerated  cases. 
In  the  turbulent  region  (station  12),  the  mean  velocity 
profile  for  the  G3K0  case  (Fig.  9)  preserves  the  logarith¬ 
mic  law-of-the-wall  characteristics  over  a  sufficient  range 
of  (30-300),  but  the  wake  region  is  completely  de¬ 
pressed  beyond  Y+  ~  300  due  to  the  high  FSTI,  which  is 
consistent  with  the  previous  results  of  Blair  [22]  and  Wang 
et  ai.  [21].  However,  the  mean  temperature  at  station  12  in 
Fig.  10  has  not  conformed  to  a  typical  turbulent  profile. 
This  indicates  that  the  mean  temperature  lags  behind  the 
mean  velocity  in  completing  transition  in  high-FSTI  cases. 
This  tendency  for  temperatures  to  lag  behind  velocity  in 
completing  transition  in  low  FSTI  cases  (  <  2%)  was  first 
seen  by  Blair  [22]  and  was  confirmed  by  Wang  et  al.  [21]. 

The  effect  of  acceleration  on  the  mean  velocity  profile 
can  be  seen  by  comparing  stations  5  and  12  for  the  G3K3 
(Fig.  11)  and  G3K0  (Fig.  9)  cases.  Station  5  happens  to 
have  T  =  0.5  for  both  G3K3  and  G3K0;  however,  the  U+ 
of  G3K3  has  a  thicker,  more  viscous  sublayer  (about 
y+=  18)  than  does  G3K0.  In  addition,  the  U+  profile  of 
G3K3  is  close  to  the  laminar  profile,  whereas  the  G3K0 
velocity  profile  is  close  to  die  turbulent  profile.  The  same 
trend  can  be  seen  at  station  12. 

Streamwise  Velocity  Fluctuations  (u') 

The  streamwise  evolution  of  normalized  velocity  fluctua¬ 
tions,  u'/Uw  is  shown  in  Fig.  13  for  the  G3K3  case.  For 
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Figure  II.  Mean  velocity  profiles  for  the  G3K3  case. 
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comparison,  three  profiles — one  near  the  onset  of  transi¬ 
tion,  one  in  the  transition  region  with  maximum  w',  and 
one  in  the  fully  turbulent  region — are  incorporated  into 
Fig.  13  for  both  the  baseline  and  G3K0  cases.  The  inter- 
mittency  for  each  station  is  shown  in  this  figure.  The 
criterion  function  based  on  Reynolds  shear  stress, 
[d(ui')/dt]2,  was  used  for  turbulent/non  turbulent  dis¬ 
crimination.  The  technique  for  determining  the  intermit- 
tency  was  detailed  by  Keller  and  Wang  [23].  The  intermit- 
tency  value  is  1  for  a  fully  turbulent  flow  and  0  for  a 
laminar  flow.  Based  on  the  Stanton  number  distribution 
and  the  mean  velocity  and  temperature  profiles,  stations  1, 
2,  and  3  for  the  G3K3  case  are  in  the  laminar  flow  region. 
Comparison  among  stations  1,  2,  and  3  for  the  G3K3  case, 
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Figure  13.  Streamwise  Reynolds  normal  stress  profiles  for 
the  G3K3  case. 
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station  3  for  the  G3K0  case,  and  station  5  for  the  baseline 
case  indicates  that  the  u'  in  the  laminar  flow  is  signifi¬ 
cantly  raised  due  to  the  elevated  FSTI;  the  favorable 
pressure  gradient  does  not  seem  to  affect  the  w  dtstn 
don.  This" is  consistent  with  the  results  reported  by  Dvban 

et  aL  [2-].  ,  -r 

It  is  especiallv  interesting  to  observe  that  the  u  /Lx 
distribution  in  the  late  laminar  region  (station  3  for  the 
G3K0  case  and  station  4  for  the  G3K3  case)  reaches  a 
peak  of  about  18%  and  remains  at  such  high  levels 
throughout  the  early  half  of  the  transition  region.  It  is  also 
to  be”  noted  that  in  the  transitional  flow,  the  maximum 
values  of  u'/lL  for  the  G3K0  and  G3K3  cases  are  about 
the  same  as  the  maximum  value  at  station  7  for  the 
baseline  case.  It  therefore  appears  that  even  at  elevated 
FSTI  up  to  7%,  the  maximum  Reynolds  normal  stresses 
due  to  the  near-wall  bursting  activities  are  limited  to 
around  «'/C4  =  20%.  Also,  this  observation  may  imply 
that  the  penetration  T>f  the  turbulence  energy  from  the 
free  stream  into  the  boundary  layer  results  in  a  relatively 
uniform  redistribution  of  turbulence  energy  across  the 
boundarv  laver  rather  than  an  increase  in  bursting  energy. 
Furthermore,  it  mav  be  implied  that  once  the  turbulent 
spot  production  rate  is  established  in  the  beginning  of  transi- 
tion  it  does  not  change  downstream ;  and  the  turbulent  spots 
are  'the  reluctant  receptors  of  bounding  turbulence  energy 
imposed  from  the  free  stream.  It  may  be  that  the  near-wall 
turbulence  is  dominated  by  the  turbulence  production  and 
that  the  penetration  of  FSTI  into  the  near-wall  region  is 
overshadowed  by  the  bursting  activities.  This  explanation 
can  be  verified  by  examining  the  overall  elevated  u  distri¬ 
butions  of  stations  9, 11,  and  12  across  the  boundary  layer 
in  comparison  with  the  baseline  case  in  Fig.  13.  This  deep 
penetration  of  elevated  free-stream  turbulence  to  near  the 
wall  is  consistent  with  the  results  of  Wang  et  al.  [21]  but  is 
inconsistent  with  the  results  reported  by  Sohn  and 
Reshotko  [25].  The  discrepancy  might  be  caused  by  the 
low  free-stream  velocity  (~  2  m/s)  employed  by  the  pre¬ 
sent  study.  The  free-stream  velocity  in  Sohn  and 
Reshotko’s  study  was  approximately  33  m/s.  In  order  to 
investigate  the  effect  of  low  velocity  or  low  Reynolds 
number,  a  single  hot  wire  was  used  to  measure  the  turbu¬ 
lent  u '/u,  profiles  for  different  free-stream  velocities  and 
different  Reynolds  numbers.  The  results  are  shown  inFig. 
14.  As  showp  in  this  figure,  the  peak  values  of  u  /Uv  in 
the  boundary  laver  generally  increase  as  the  free-stream 
velocities  decrease.  However,  for  the  wo  cases  with  dif¬ 
ferent  free-stream  velocities  but  similar  magnitudes  of 
Reynolds  numbers  (£4  =  3.9  m/s.  Re  =  3.18  X  10  and 
U  '=  7.8  m/s.  Re,  -  3.25  X  103),  the  £/'/£/„  profiles 
overlap  each  other.  In  addition,  for  another  two  cases  with 
the  same  free-stream  velocity  at  7.8  m/s  but  with  differ- 
ent  Reynolds  numbers  (Re*  =  325  x  10  and  Rer  -  6^1 
X  105,  respectively),  the  «’/£/„  profile  of  the  lower 
Reynolds  number  lias  a  higher  value.  From  these  observa¬ 
tions  it  is  clear  that  it  is  the  effect  of  the  low  Reynolds 
number,  not  the  free-stream  velocity,  that  is  important. 
However,  when  the  Reynolds  number  is  large  (ReT  >  6_>1 
x  10 3).  the  effect  of  the  Reynolds  number  on  the  near-wall 
peak  value  of  the  u'/l4  is  negligible,  although  the  effect 
of  Reynolds  number  on  the  outer  boundary  layer  {y/d  > 
0.3)  is  still  obvious.  This  can  be  seen  from  the  comparison 
among  cases  for  Ux  =  15.6  m/s.  Rex  =  6.42  x  103,  = 

1.26  X  !06,  and  the  baseline.  The  peak  value  of  the  u  /C, 


with  a  high  Reynolds  number  at  elevated  FSTI  is  about 
the  same  as  that  at  low  FSTI. 

It  should  be  noted  that  the  transition  is  not  completed 
at  station  12  for  the  G3K3  case:  however,  the  «  /£4. 
distributions  of  stations  9,  11,  and  12  do  not  show  any 
change,  and  all  of  them  coincide  with  the  turbulent  distri¬ 
bution  of  G3K0.  A  comparison  between  the  GjKO  and 
G3K3  cases,  as  shown  in  Fig.  13,  indicates  that  the  stream- 
wise  acceleration  for  the  elevated  FSTI  case  has  a  negli¬ 
gible  effect  on  the  evolution  of  streamwise  Reynolds 
normal  stress;  however,  an  extensive  region  with  mtermit- 
tency  at  0.9  from  stations  9  to  12  reflects  the  influence  of 
acceleration. 


Figure  15.  Cross-stream  Reynolds  normal  stress  profiles  for 
the  G3K3  case. 


Cross-Stream  Velocity  Fluctuations  («') 

The  evolution  of  v‘ /H  for  the  G3K3  case  as  shownin 
Fio  15  is  similar  to  that  for  the  elevated  FSTI  cases 
without  acceleration  in  Zhou  and  Wang  HJ]  but t  it  bvm> 
different  from  the  baseline  case  in  Wang  et  al.  m  Three 
representative  v'/l* **  distribution  curves  for  both  the 
baseline  and  G3K0  cases,  at  the  same  locations  as  men¬ 
tioned  in  Fig.  13.  are  superimposed  in  the  figure  for 
comparison,  the  effect  of  the  streamwise  acceleration  a 
elevated  FSTI  on  the  evolution  of  v  /(4,  similar  to  tha 
-n  /r  ;s  nealiaible.  whereas  the  effect  of  elevated 
FSTI  is  significant.  It  is  obvious  that  the  effect  of  elev'ate_^ 
FSTI  on  v'  is  more  dominant  in  the  outer  boundarv  ay 

than  in  the  inner  boundary  layer  Without  much  informa¬ 
tion  to  reveal  the  detailed  mechanism  involved  in  the 
transport  of  c\  it  seems  that  r'  in  the  boundaty  layer  is 
affected  bv  FSTI  through  an  energy  diffusion  process 
rather  than  through  convective  motion  or  through  a  corre¬ 
lation  with  pressure  fluctuations  (return  to  isotropy), 
speculation  ^arises  from  tfc  ote.rva.ion  *a.  th.  magm- 
tude  of  v9  in  the  free  stream  seems  to  control  the  v 
distribution  in  the  outer  boundary  layer.  The  data  points 
for  each  curve,  for  all  flow  regions,  show  a  smooth  curve 
that  asvmptoticallv  approaches  the  free-stream  value  of 
*  wSTa^icarnefr-w-all  peak  of  ^tich  appears  in 
the  transition  region  (middle  figure  ui  ig.  - 
baseline  case,  is  not  observed  in  the  elevate id  FSTI _cas  ^ 
Anoarentlv  the  elevated  turbulence  m  the  free  stream 
^oePs  not  promote  energy-  production  in  the  cross-stream 
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component  of  the  near-wall  turbulence,  whereas  elevated 
FSTI  produces  a  large  magnitude  of  turbulence  energy  m 
the  streamwise  component  as  shown  m  Fig.  lJ- 
The  distribuuons  at  stations  9-12  for  the  OoKJ 

case  show  a  constant  r'  region  between  y/8  — 

0  6  The  p'/H  distribution  in  the  turbulent  flow  regional 
station  12  for  the  G1K0  case,  which  has  a  lower  FSTI  tha 
the  G3K0  case,  is  superimposed  in  Fig.  15.  In i  this  i 
distribution,  a  peak  can  be  clearly-  seen  near  y/5-0.- 
This  neak  value  may  result  in  the  constant  u  /L*  distribu- 
Sn  Re  G3K3  Le  mentioned  above  The  mechanism 
involved  in  producing  this  round  peak  although  not  weU 
understood,  can  be  very  different  from  the  near-wall  sharp 
peak  prevailing  in  the  low  FSTI  cases. 

RMS  Temperature  Fluctuation  (f ') 

The  evolution  of  the  rrns  temperature  fluctuation  for  the 
G3K3  case.  r'/(?w  ~  U  as  presented  im  Fig.  16  is 
similar  to  u'  in  that  it  has  an  elevated  value  across  most  of 
the  boundarv  layer  except  in  the  outer  boundary  layer 
(v/5  >  0.8),  where  the  elevated  FSTI  does  not  enhance  f 
as  would  be  expected  in  a  nearly  isothermal  regiomThe 
effect  of  the  streamwise  acceleration  at  e,eyatff 
t -.  similar  to  effects  on  u'  and  v  ,  is  negligible.  The  r 
distribution  of  stations  9, 11,  andl2  arestiU  changmg 
approaching  the  turbulent  f'  distribution  of  the  G3K0 
case.  This  indicates  that  f  lags  behind  u  m  jeachm«  the 
turbulent  profile.  This  also  supports  the  earlier  discovery 
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that  the  mean  temperature  lags  behind  the  mean  velocity 
in  completing  transition. 

Reynolds  Shear  Stress  (uv) 

For  the  elevated  FSTI  cases  (G3K0  and  G3K3),  the  nor¬ 
malized  Revnolds  shear  stress  produces  a  region  of  high 
shear  around  v/S  =  0.4  in  the  early  transition  region 
(stations  3  and  4)  in  Fig.  17.  It  reaches  a  maximum  value 
of  about  1.9  at  station  8  and  movesjoward  the  ^l  l° 
about  v/S  =  0.3.  This  evolution  of  uv  indicates  that  the 
turbulent  shear  stress  is  not  generated  near  the  wall,  as  is 
the  turbulent  normal  stress  u',  but  is  produced  away  from 
the  wall,  at  about  y/S  =  0.3,  and  progresses  toward  the 

wall  to  eventually  affect  the  wall  shear.  This  progression. s 
similar  to  that  for  the  baseline  case  and  is  documented  m 
more  detail  by  Wang_et  al.  [10].  The  effect  of  the  stream- 
wise  acceleration  on  uv  can  be  seen  in  two  aspects.  (1) 
station  8,  which  has -the  maximum  7  uv/u^  value, _  the 
overall  distribution  is  lower  than  it  is  for  those  without 
acceleration  (baseline  and  G3K0)  and  Q  at  the  last 
station  (12),  the  -  uv/u*~  distribution  is  still  in  a  transi¬ 
tional  status  with  the  maximum  value  staying  at  approxi¬ 
mately  1.5,  although  u'/fi  in  Fig.  13  reaches  turbulent 
distribution. 

Reynolds  Heat  Fluxes  (ui  and  vt) 

Normalized  cross-stream  Reynolds  heat  flux,  ut/iq^/ 
pC  ),  indicates  the  effectiveness  of  local  turbulence  in 


transferring  heat  from  the  surfa£e,  whereas  normalized 
streamwise  Reynolds  heat  flux,  ui/  (<?w/ P<V>  indicates 
the  effectiveness  of  local  turbulence  in  transferring  accu¬ 
mulated  thermal  energy  downstream.  Unlike  the  turbulent 
shear  stress,  which  can  be  produced  away  from  the  wail, 
the  turbulent  heat  flux,  vt,  can  .transfer  only  heat  origi¬ 
nated  from  a  wall  in  a  heated  wall  situation._ 

As  shown  in  Fig.  18  for  the  G3K3  case.  a/(<?w (Pc?> 
reaches  its  maximum  value  of  about  0.75  in  the  middle  of 
the  transition  region.  The  peak  value  then  mam  tarns  .tseff 
in  the  late  transition  region  at  abom  0.7.  The  GjKO  case 
has  a  higher  maximum  value  of  vt  (about  0.9)  in  the 
middle  of  the  transitional  Region  than  does  the  GaKo 
case.  The  suppressed  peak  w  value  is  evidence  of  a  mild 
effect  of  acceleration  on  vt.  In  the  late  transitional  and 
early  turbulent  boundary  layers  in  Fig.  18,  the  magnitude 
of  Ft  is  elevated  above  the  baseline  case  at  station  12 
across  the  entire  boundary  layer  for  the  elevated  FSTI 

cases  (G3K0  and  G3K3).  L 

For  both  the  G3K0  and  G3K3  cases,  as  shown  m  Fig. 
19  -  5r /(rfjj/pCJ  reaches  a  maximum  value  of  almost  9 
in  ’ the  transition  region.  Then  the  peak  value  for  the 
G3K0  case  in  the  boundary  layer  decreases,  and  the  peaK 
location  moves  closer  to  the  wall  at  downstream  stations. 
The  peak  value  for  the  G3K0  case  in  the  turbulent  flow 
region  is  about  6.  However,  for  the  accelerating  GjKj 
case,  similar  to  uv,  the  peak  value  of  -  ut/(qw/ pcp) 
stavs  at  about  8,  and  the  peak  location  stays  at  about 
y/S  =  0.2.  For  the  baseline  case  at  station  12,  the  peaK 
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Figure  18.  Cross-stream  Reynolds  heat  flux  distributions  for 
the  G3K3  case. 
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Figure  19.  Streamwise  Reynolds  heat  flux  distributions  for 
the  G3K3  case. 
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Figure  20.  Streamwise  evolution  of  the  eddy  viscosity  and  the  turbulent  thermal  diffusivity  profiles  for 
the  G3K3  case. 


value  is  onlv  about  2,  which  is  much  lower  than  the  peak 
values  for  the  elevated  FSTI  cases.  It  isjherefore  unex¬ 
pected  to  see  that  the  peak  value  of  -  ut/iq^/pCJ  in 
the  transition  region  for  the  baseline  case  reaches  about 
18.  which  is  much  higher  than  the  transition  region  peak 
values  for  the  elevated  FSTI  cases.  Looking  back  at  Figs. 
13  and  16,  individual  u'  and  r*  values  are  much  higher  in 
the  laminar  and  turbulent  regions  for  the  elevated  FSTI 
cases  than  they  are  for  the  baseline  case,  whereas  in  the 
transition  region  they  are  about  the  same  as  in  the  base¬ 
line  case.  It  "was  first  speculated  that  the  lower  value  of 
-  ui/(q"y,/pCp)  in  the  transitional  region  for  elevated 
FSTI  cases  is  caused  by  the  relatively  poor  correlation 
between  u  and  r;  however,  detailed  analysis  revealed  that 
the  lower  value  of  -  !Tt/{q'^/pCp)  is  caused  by  the  fact 
that  the  Stanton  numbers  in  the  transitional  region  of  the 
elevated  FSTI  cases  are  higher  than  those  in  the  baseline 
case.  Actually,  a  further  examination  of  the  data  indicated 
that  the  correlation  between  u  and  t  in  cases  with  a  lower 
FSTI  is  about  the  same  as  that  for  elevated  FSTI  cases 
with  and  without  streamwise  acceleration. 

eM,  eH,  and  Prt 

Tne  eddy  viscosity  eM  and  the  turbulent  thermal  diffusiv¬ 
ity  £h,  normalized  by  their  molecular  counterparts  at 
three  stations  for  the  G3K3  case,  are  shown  in  Fig.  20. 
Tne  results  for  the  baseline  and  G3K0  cases  in  the  turbu¬ 
lent  flow  at  station  12  are  shown  for  comparison.  For  the 
G3K3  case,  sM/v  f°r  stations  3  and  8  has  a  maximum 
value  of  about  y/S  =  0.8,  while  for  station  12  a  region 
of  relative  constant  value  of  eM/  v  =  20  stretches  from 
y/S  =  0.3  to  0.6.  For  the  G3K0  case,  the  constant  eM/v 
area  is  wider.  y/S  =  0.5- 0.8.  There  is  no  such  constant 
esi/v  region  for  the  baseline  case.  The  maximum  of 
eM/v  for  the  baseline  is  reached  at  about  y/S  =  0.4  at 
station  12.  Although  sH/a  is  different  from  sM/v  in  the 
baseline  case,  their  distributions  are  similar  in  the  acceler¬ 
ated  boundary  layer  at  elevated  FSTI. 

For  all  cases,  Pr,  values,  as  shown  in  Fig.  21,  are  large 
near  the  wall  and  decrease  gradually  away  from  the  wall. 
In  about  70-80%  of  the  boundary  layer,  the  Pr,  values  are 
much  higher  than  0.9,  a  value  commonly  applied  to  fully 
turbulent  flowr  for  low  FSTI  cases.  This  figure  also  snows 
that  the  elevated  FSTI  case  has  a  lower  Pr,  distribution  in 


Figure  21.  Turbulent  Prandtl  number  distributions  for  the 
G3K3  case. 

the  turbulent  region  (G3K0  vs.  baseline).  The  effect  of 
favorable  pressure  gradient  on  Pr,  in  the  transition  region 
is  not  significant,  as  indicated  by  the  middle  figure  of  Fig. 
21.  Since  the  transition  is  not  complete  in  the  accelerated 
cases,  the  effect  of  acceleration  on  Pr,  in  turbulent  re¬ 
gions  is  not  ascertainable. 

CONCLUSION 

Experiments  were  performed  to  investigate  the  combined 
effects  of  elevated  FSTI  (3-7%)  and  streamwise  accelera- 
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tion  on  flow  and  thermal  structures  in  heated  transitional 
boundary  layers.  Wall  heat  transfer  measurements  indi¬ 
cated  that  elevated  FSTI  values  result  in  an  earlier  onset 
of  transition  and  a  reduced  length  of  transition,  whereas 
streamwise  acceleration  generally  delays  the  onset  of  tran¬ 
sition  and  lengthens  the  transition  region,  even  at  ele¬ 
vated  FSTI.  A  mild  acceleration  has  a  significant  effect  on 
the  onset  and  end  of  transition.  However,  at  elevated 
FSTI,  further  increasing  the  acceleration  to  as  high  as 
AT  -  4.1  x  10 ~6  does  not  affect  the  onset  of  transition. 

At  elevated  FSTI^the  streamwise  acceleration  has  a 
negligible  effect  on  f,  u\v\  t\  Ft,  and  Pr.  distributions 
and  has  a  mild  effect  on  ut  distributions  across  the  bound¬ 
ary  layers.  A  noticeable  effect  of  acceleration  on  the  flow 
structure  can  be  seen  in  both  the  U  and  the  uv  distribu¬ 
tions.  Overall,  in  the  range  of  FSTI  tested  by  this  study 
(3-7%),  the  effect  of  FSTI  is  more  pronounced  than  is  the 
effect  of  acceleration  on  the  onset  of  transition.  However, 
the  effect  of  acceleration  on  the  length  of  transition 
cannot  be  ignored, -especially  at  a  higher  FSTI. 

With  respect  to  its  impact  on  flow  and  thermal  structure 
in  transitional  and  turbulent  boundary  layers,  FSTI  is 
clearly  more  dominant  than  acceleration  (or  favorable 
pressure  gradient).  Because  of  the  dominant  role  of  FSTI, 
some  of  the  results  of  this  paper  are  similar  to  those 
reported  by  Zhou  and  Wang  [17],  who  investigated  the 
effect  of  elevated  FSTI  on  laminar- turbulent  transition 
without  streamwise  acceleration. 

FUTURE  RESEARCH  NEEDS 

Future  research  is  needed  to  transfer  the  physical  mecha¬ 
nisms  revealed  in  the  present  study  to  flow  and  heat 
transfer  modeling  in  transitional  boundary  layers.  Condi¬ 
tionally  sampled  results  obtained  by  separating  nonturbu- 
lent  and  turbulent  parts  of  the  transitional  flow  will  be 
important  for  transitional  flow  calculations  performed  by 
using  an  intermittency  model.  With  regard  to  predicting 
heat  transfer  on  turbine  blades,  combinations  of  many 
other  factors  such  as  roughness,  surface  curvatures,  ad¬ 
verse  pressure  gradients,  separation,  and  unsteady  wakes 
should  be  considered. 

This  program  was  sponsored  by  the  Office  of  Naval  Research  {grant 
No.  N00014-89-J-3105)  and  the  Air  Force  Office  of  Scientific  Re¬ 
search  (grant  No.  AFOSR-89-0324).  The  program  monitors  were  Dr. 
Gabriel  D.  Roy  and  Major  Daniel  B.  Fant,  USAF,  respectively.  Pan 
of  the  facility  was  constructed  through  the  suppon  of  the  National 
Science  Foundation  (grant  No.  CBT-8708843). 


NOMENCLATURE 

Cf  skin  friction  coefficient  [=  rw/(  pU^/ 2)], 
dimensionless 

Cp  pressure  coefficient  [-  (P  -  />ref)/(  pC Lr/2)ret  ], 
dimensionless 
c0  specific  heat,  J/( kg  K) 

FSTI  free-streamjurbulence  intensity  (=  [O*2  +  r + 
w:)/3],/:/UcX  percent 

K  streamwise  acceleration  parameter  [  =  ( v/Uz) 
dUy./dx],  dimensionless 

n  turbulent  spot  production  rate,  m-1  _ 

/i  turbulent  spot  production  rate  ( -  n  vz/U£\ 
dimensionless 


Prt  turbulent  Prandtl  number  (-  sM/sH), 
dimensionless 
q "  heat  flux,  w/m2 

Re  Reynolds  number,  dimensionless^  _ 

St  Stanton  number  ( =  q'w/[  pc p£/x(Tw  -  7^)]), 
dimensionless 

t  instantaneous  temperature  fluctuation  or  time  k  or 
s 

t£_  rms  value  of  t,  k 
T  mean  temperature,  K  _  _ 

T "  mean  temperature,  [  =  (Tw  -  T)pcpu*/PwL  wa^ 
units,  dimensionless 

u ,  v  instantaneous  streamwise  and  cross-stream  velocity 
fluctuations,  m/s 

u'yv'  rms  values  of  u  and  v,  m/s 
u £_  friction  velocity  ( s  ^fFJp  \  m/s 
U  mean  streamwise  velocity,  m/s 
U+  mean  streamwise  velocity,  wall  units,  dimensionless 
x  streamwise  distance  from  leading  edge,  m 
xQ  unheated  starting  length,  m 
y  distance  from  the  wall,  mm 
Y+  ( —  yu*/v),  dimensionless 

Greek  Symbols 
a  thermal  diffusivity,  m2/s 
8  boundary  layer  thickness,  mm 
<5*  displacement,  mm 
6  momentum  thicknesses,  mm 
eH  turbulent  thermal  diffusivity  [  =  -Ft/(dT/dy)\ 
m2/s  _ 

turbulent  viscosity  [  =  -uv/(dU/dy)\  m2/s 
T  intermittency,  dimensionless 
A  ( 8  2/  v  )dU^/dx ,  dimensionless 
Af  integral  length  scale  [=  U (£11(1)11(1  +  r)/irdr],  m 
v  kinematic  viscosity,  m2/s 
p  density,  kg/m3 

ar  turbulent  spot  propagation  parameter, 
dimensionless 
r  shear  stress,  N/m2 

Subscripts 

e  end  of  the  transition 
s  stan  of  the  transition 
w  wall 
«  free  stream 

ref  reference  location  at  x  =  20  cm 
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Spectral  analysis  of  boundary-layer 
transition  on  a  heated  flat  plate 
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A  spectral  analysis  was  made  for  a  boundary  layer  undergoing  laminar-turbulent 
transition  over  a  heated  flat  plate  with  free-stream  turbulence  intensities  of  0.5%  and 
6.4%.  Detailed  boundary-layer  measurements  were  made  with  a  three-wire  probe 
that  simultaneously  measured  two  velocity  components  and  the  temperature.  The 
power  spectra  of  d,  d ,  and  f,  as  well  as  their  co-spectra,  were  analyzed.  The 
spectral  analogy  and  the  differences  between  the  momentum  and  thermal  trans¬ 
ports  were  investigated.  The  results  showed  that  the  location  of  maximum  turbu¬ 
lence  production  (y/d  *0.1)  coincided  with  the  peak  location  of  d ;  whereas,  the 
region  of  high  turbulent  shear  (y/ d  *0.35)  produced  little  turbulence  energy.  The 
power  spectrum  of  f  was  mostly  correlated  with  d  in  the  early  to  middle  transi¬ 
tional  flow,  but  it  was  significantly  correlated  with  v'  in  the  late  transitional  and 
early  turbulent  flow  regions.  The  dissipation  power^  spectra  for  both  d  and  V 
evolved  faster  than  their  turbulence  power  spectra,  vt  seems  to  be  transported  by 
smaller  eddies  than  uf.  A  hypothetical  energy  transfer  process  during  laminar- 
turbulent  transition  was  then  proposed. 

Keywords:  turbulent  transition;  spectral  analysis;  heat  transfer;  boundary  layer 


Introduction 

One  of  the  key  features  in  boundary-layer  transition  from  laminar 
to  turbulent  flow  is  the  intermittent  behavior  (Emmons  1951). 
The  characteristics  of  nonturbulent  and  turbulent  regions  are 
obviously  different.  The  interim ttency  theory,  proposed  by  Em¬ 
mons  and  Narasimha  (1958),  considered  the  nonturbulem  pan 
and  the  turbulent  part  of  the  transitional  flow  as  laminar  flow’  and 
fully  turbulent  flow,  respectively.  However,  some  recent,  condi¬ 
tionally  sampled  results  (e.g.,  Kuan  and  Wang,  1989,  1990;  Kim 
et  al.  1994)  have  indicated  that  the  nonturbulent  part  is  highly 
disturbed  and  is  different  from  conventional  laminar  flow  and 
that  the  turbulent  part  is  still  evolving  and  is  different  from  fully 
turbulent  flow.  These  results  were  based  on  conditionally  sam¬ 
pled  profiles  of  the  mean  velocity,  the  Reynolds  normal  stresses, 
and  the  Reynolds  shear  stresses.  To  improve  understanding  of  the 
fundamental  mechanisms  involved  in  the  transitional  boundary 
layer,  it  is  believed  necessary  to  obtain  detailed  spectral  informa¬ 
tion.  The  present  study  was,  therefore,  undertaken  to  perform  the 
spectral  analysis  for  both  flow  and  thermal  structures  in  transi¬ 
tional  boundary  layers. 

Boundary-layer  spectral  measurements  rarely  have  been  re¬ 
ported  for  boundary  layers  undergoing  transition  from  laminar  to 
turbulent  flow.  Suder  et  al.  (1988)  measured  the  stream  wise 
velocity  component  fluctuation  spectra  in  a  boundary  layer  with  a 
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zero-pressure  gradient  at  the  point  where  the  nns  of  the  fluctuat¬ 
ing  velocities  was  a  maximum.  The  boundary-layer  spectra  for 
the  lowest  free-stream  turbulence  intensity  (0.3%)  indicated  am¬ 
plification  of  the  Tollmien-Schlichting  (T-S)  waves,  which  fol¬ 
lowed  the  behavior  predicted  by  linear  stability  theory  up  to  the 
point  of  turbulent  bursting.  The  boundary-layer  spectra  for  the 
0.65%  free-stream  turbulence  intensity  case  partially  followed  the 
behavior  predicted  by  linear  stability  theory;  however,  the  higher 
frequency  fluctuations  were  not  damped  but  rather  were  ampli¬ 
fied  as  the  streamwise  distance  increased  until  the  turbulent 
bursting  point  was  reached.  When  the  free-stream  turbulence 
intensity  was  elevated  to  0.85%,  the  boundary-layer  spectra 
showed  the  same  trend  as  for  the  0.65%  free-stream  turbulence 
intensity  case,  but  they  had  a  higher  energy  content  at  higher 
frequencies.  As  turbulent  bursting  was  initiated,  the  energy  of  the 
spectra  for  all  three  cases  increased  at  all  frequencies.  With  the 
increase  in  the  intermittency  along  the  streamwise  distance,  the 
energy'  level  increased  over  the  whole  frequency  range,  but  the 
amplirude  of  the  low-frequency  disturbances  diminished  beyond 
a  certain  intermittency  level.  The  energy  level  asymptotically 
reached  a  constant  value  as  the  boundary  layer  became  fully 
turbulent.  Similar  results  were  reported  by  Sohn  and  Reshotko 
(1991). 

Blair  (1992)  measured  the  streamwise  velocity  fluctuation 
spectra  in  the  transitional  boundary  layer  with  a  mild  favorable 
pressure  gradient  ( K  =  0.2  X  10“6)  and  a  0.8%  free-stream  tur¬ 
bulence  level.  Prior  to  turbulent  bursting,  the  spectra  showed  that 
the  signal  was  dominated  by  lower  frequency  disturbances,  while 
the  hTgh-frequency  portion  of  the  free-stream  disturbance  spec¬ 
trum  had  been  largely  damped  out.  In  the  transition  region,  the 
conditionally  sampled  spectral  distributions  of  the  turbulent  part, 
the  nonturbulent  part,  and  the  total  fluctuations  were  presented. 
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Comparison  of  the  spectral  distributions  for  the  turbulent  part 
showed  that  the  ratio  of  high-frequency  to  low-frequency  power 
increased  with  the  stream  wise  distance.  Blairs  results  indicated 
that  the  ratio  of  production  to  dissipation  was  relatively  high  for 
early  transitional  turbulent  bursts.  To  the  authors’  knowledge, 
other  than  the  spectra  of  turbulence  energy  transport,  the  turbu¬ 
lent  thermal  energy  spectra  for  a  transitional  boundary  layer  are 
still  lacking  in  the  literature. 

The  present  experiments  were  conducted  in  a  two-dimensional 
(2-D)  wind  tunnel  with  two  free -stream  turbulence  levels  at  about 
0 5%  and  6.4%,  respectively,  on  a  heated  fiat  plate.  The  study 
focused  on  three  aspects:  (1)  examining  the  spectral  distribution 
of  fluctuations  near  the  onset  of  spot  formation;  (2)  examining 
the  evolution  of  the  spectral  distribution  of  fluctuations  in  the 
transition  process;  and  (3)  examining  the  spectral  analogy  be¬ 
tween  the  velocity  fluctuation  and  the  temperature  fluctuation  in 
the  transition  process. 


Experimental  program 

Wind  tunnel 

The  present  research  employed  a  2-D,  open  circuit,  blowing-type 
wind  tunnel.  A  detailed  description  of  the  desip  considerations 
and  construction  specifications  was  documented  by  Kuan  (1987). 
Air  is  drawn  through  a  filter  box  and  then  forced  through  two 
grids,  a  honeycomb,  a  heat  exchanger,  a  screen  pack,  and  a  9 : 1 
contraction  nozzle  before  entering  the  test  section.  The  flow  rate 
can  be  adjusted  steplessly  by  a  constant-torque,  variable -frequency 
motor  controller.  A  suction  fan  and  a  low-pressure  plenum  were 
installed  to  provide  boundary-layer  suction  at  the  leading  edge. 

Test  section 

Tne  rectangular  test  section  was  0.15  m  wide,  2.4  m  long,  and 
0.92  m  high  with  an  aspect  ratio  of  6.  The  large  aspect  ratio 
ensured  two-dimensionality.  One  of  the  vertical  walls  of  the  test 
section  was  instrumented  as  the  test  wall.  The  test  wall  was 
composite,  consisting  of  a  custom-made,  electric  heater  patch  and 
185  embedded  thermocouples.  Measurements  were  performed  by 
traversing  the  probe  through  holes  drilled  on  the  wall  opposite 
the  test  wall.  The  first  measuring  hole  was  located  20  cm 
downstream  of  the  leading  edge,  and  the  rest  were  arranged  so 
that  they  were  15  cm  apart  from  each  other.  Detailed  information 
on  the  heated  test  wall  is  documented  in  Wang  et  al.  (1992)  and 
Zhou  (1993). 


Test  Wall  PLANE  view 

DIMENSIONS  IN  mm 

Figure  1  Three-wire  boundary-layer  sensor  for  measuring 
Reynolds  stresses  and  heat  fluxes 


Instrumentation  and  measurements 

A  three-wire  sensor,  as  shown  in  Figure  1,  was  especially 
designed  to  measure  the  instantaneous  longitudinal  velocity,  the 
cross-stream  velocity  and  the  temperature  simultaneously.  Basi¬ 
cally,  and  “X”  array  of  1.0-mm  long,  2o-^xm  diameter,  gold- 
plated  tungsten  wires  was  used  for  velocity  measurement.  The 
sensing  length  was  0.5  mm.  etched  in  the  center.  The  spacing 
between  the  wires  of  the  “X”  array  was  0.35  mm.  The  tempera¬ 
ture  sensor  was  a  1.2-p.m,  unplated  platinum  wire  located  0.35 
mm  away  from  and  in  a  plane  parallel  to  the  plane  of  the  “X 
array.  To  allow  near-wall  measurement  and  to  reduce  probe 
interference,  the  probe  support  was  bent  at  an  angle  of  10°  from 
the  wire  axis.  However,  the  wires  of  the  4 ‘X”  array  were  still 
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perpendicular  to  each  other.  A  more  detailed  probe  description 
and  the  qualification  of  this  probe  are  contained  in  Shotne  (1991). 

A  TSI IFA  100  Intelligent  Flow  Analyzer  System  was  used  to 
operate  the  “X”  array  hot  wires  in  a  constant  temperature  mode 
to  measure  velocities-  A  DISA  M20  temperature  bridge  was  used 
to  operate  the  cold  wire  in  the  constant  current  mode  to  measure 
temperature.  A  TSI  Model  157  signal  conditioner  was  used  for 
low-pass  filtering  of  the  cold  wire  anemometer  signals.  The 
streamwise  velocity,  the  cross-stream  velocity,  and  the  tempera¬ 
ture  were  measured  simultaneously  by  the  three-wire  probe. 

The  sampling  rate  was  2  kHz.  A  low-pass  filter  of  1  kHz  was 
employed  to  remove  aliasing  errors.  The  choice  of  a  2  kHz 
sampling  rate  was  a  compromise  between  the  existing  data 
acquisition  storage  memory  size,  the  frequency  response  of  the 
cold  wire  (approximately  3000  Hz),  the  duration  of  each  experi¬ 
ment  (approximately  30  hours),  and  the  significance  of  the 
information  that  can  be  obtained  at  frequency  ranges  higher  than 
1000  Hz.  The  three-wire  probe  simultaneously  takes  signals  from 
two  hot  wires  and  one  cold  wire:  because  the  cold  wire  had  the 
poorest  frequency  response  of  the  three,  the  sampling  rate  was 
primarily  limited  by  the  frequency  response  of  the  cold  wire.  To 
investigate  the  significance  of  spectra  information  beyond  1000 
Hz,  a  higher  sampling  rate  of  30  kHz  was  used  for  velocity- 
signals  in  several  locations  in  the  transitional  region.  It  was  found 
that  the  energy  beyond  1000  Hz  was  less  than  1%  in  the 
near-wall  region,  less  than  5 %  in  the  outer  boundary  layer,  and 
approximately  10%  in  the  free  stream  at  a  free-stream  velocity  of 
12  m/s.  The  evolution  of  the  spectra  at  the  higher  frequency  end 
does  not  provide  any  further  insight  into  the  physics  beyond  the 
data  taken  at  2  kHz.  Therefore,  it  is  believed  that  the  present  data 
are  adequate  to  indicate  the  trend  of  spectral  evolution  in  transi¬ 
tional  boundary  layers  and  that  the  sampling  rate  is  an  optimum 
choice  under  the  existing  conditions.  No  compensation  was  made 
for  the  cold  wire,  because  the  frequency  response  (approximately 
3000  Hz)  of  the  cold  wire  is  higher  than  the  sampling  rate  (2000 
Hz).  Detailed  information  of  the  method  for  determining  the 
frequency  response  of  the  cold  wire  can  be  found  in  Keller 
(1993). 

Free-stream  turbulence 

Two  free-stream  turbulence  levels  were  performed  for  this  study. 
The  lower-level  case,  with  FSTI  =  0.5%  and  Ux  =  12J24  m/s, 
was  used  as  the  baseline  case.  For  the  higher-level  case,  FSTI  = 
6.4%  and  £4  “  1.7  m/s.  The  elevated  turbulence  was  generated 
by  a  biplane  grid  inserted  upstream  of  the  wind  tunnel  contrac¬ 
tion.  The  free-stream  turbulence  distribution,  the  integral  length 
scale  in  the  streamwise  direction,  and  the  power  spectrum  are 
shown  in  Figure  2.  A  detailed  discussion  of  the  integral  length 
scale  and  the  free-stream  power  spectra  is  contained  in  Zhou  and 
Wang  (1995).  The  method  of  Cbua  and  Antonia  (1990)  was  used 
for  correcting  temperature  contamination  of  the  hot  wires. 

The  power  spectrum  of  a  fluctuation  signal  was  taken  as  the 
square  of  the  magnitude  of  the  Fourier  transform  of  the  signal. 
The  co-spectra  of  two  fluctuations  were  taken  as  the  real  part  of 
the  multiplication  of  the  Fourier  transform  of  one  signal  and  the 
conjugate  of  the  Fourier  transform  of  another  signal.  The  fast 
Fourier  transform  (FFT)  technique  was  used  in  the  process.  Each 
signal  contained  1024  points,  and  each  power  spectrum  was  an 
average  of  40  signals. 


Results  and  discussion 

In  this  experiment,  a  boundary'  layer  was  allowed  to  undergo 
transition  naturally  from  laminar  to  fully  turbulent  flow.  The 
results  of  the  baseline  mean  velocity  profiles  and  the  mean 
temperature  profiles,  plotted  in  wall  units,  are  shown  in  Figures  3 
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Figure  2  Free-stream  turbulence  (a)  intensities  and  length 
scales  and  (b)  spectral  distribution 


Figure  3  Mean  velocity  profiles,  U *  versus  Y*  for  the  base¬ 
line  case 
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Figure  4  Mean  temperature  profiles,  T"  versus  Y -  for  the 
baseline  case 


and  4,  respectively.  As  seen  in  these  two  figures,  the  flow  at 
stations  3  and  4,  which  follows  the  Blasius  velocity  dismounon 
and  has  negligible  intermittency,  was  clearly  laminar  flow.  The 
flow  at  stations  9-13,  which  exhibited  “law  of  the  wall  charac¬ 
teristics  over  a  sufficient  range  of  Y+  and  had  100%  intermit- 
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tencv,  was  clearly  turbulent.  The  flow  at  stations  5—8,  haying 
intennittency  between  zero  and  one,  was  transitional,  neither 
disolavine  turbulent,  loe-linear  behavior  nor  matching  the  Blasius 
profile.  The  distributions  of  other  statistical  quantities  across  the 
boundary  layer  are  documented  in  Wang  et  al.  (1992,  1996). 


Disturbances  near  the  onset  of  transition 

The  transition  started  between  stations  5  and  6.  The  baseline 
velocity  signals  at  stations  3,  4,  5,  and  6,  taken  at  the  location 
where  u'  reached  its  maximum  across  the  boundary  layer  of  each 
station,  are  shown  in  Figure  5.  As  shown  in  this  figure,  the 
velocity  signals  at  stations  3  and  4  were  dominated  by  low- 
frequency  oscillations.  At  station  5,  relatively  higher  frequency 
fluctuations  appeared  in  the  velocity  signal.  Such  relatively  higher 
frequency  oscillations  are  manifestations  of  typical  2-D  (T-S) 
instability  waves;  they  are  not  turbulent  fluctuations.  At  station  6, 
the  flow  was  obviously  intermittent  between  the  region  with 
sinusoidal-like,  low-frequency  fluctuations  and  the  region  with 
hieh-frequency  fluctuations.  According  to  the  linear  instability 
theory,  the  most  amplified  T-S  wave  frequency  range  at  stations 
3  to  6  for  the  baseline  case  is  approximately  between  40  Hz  and 
200  Hz,  or  between  60  m"1  and  250  m-1  in  terms  of  wave 

numbers.  t  .  .  .  , 

To  see  the  amplified  disturbances  clearly,  velocity  signals  that 
have  been  high-pass  filtered  to  retain  wave  numbers  above  60 
m~]  were  taken,  and  the  results  are  shown  in  Figure  6.  As 
shown,  the  T-S  wave  fluctuations  were  amplified  between  sta¬ 
tions  4  and  5.  . 

To  see  the  velocity  fluctuation  energy  distributions  over  ait- 
ferent  frequencies,  one-dimensional  power  spectra  of  thejongitu- 
dinal  velocity  fluctuations  were  processed  from  stations  3  to  6  at 
the  maximum  1/  locations,  as  shown  in  Figure  7.  As  this  figure 
illustrates,  most  of  the  fluctuation  energy  at  stations  3  and  4  was 
contained  in  the  very  low  wave  number  range  (95%  was  under  60 
m-!).  At  station  5.  the  fluctuation  in  the  T-S  wave  number 
range  (60  ~  250  m'1)  was  amplified.  At  station  6,  the  fluctuation 
energy  contained  in  the  high  wave  number  range  was  much 
higher  than  that  at  stations  3  to  5. 


Figure  5  Velocity  u  signals,  at  maximum  U  locations  for  the  baseline  case 
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In  Figure  7,  some  “humps”  (sinusoidal-like  waves)  are  ap¬ 
parent  in  the  power  spectrum  at  station  5.  Generally,  such 
“humps”  in  a  spectrum  can  be  caused  by  two  possible  influ¬ 
ences:  (1)  the  finite  window  effect  on  some  sinusoidal  fluctua- 
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Figure  7  Power  spectra  of  u  velocity  fluctuations  at  maximum 
d  locations  for  the  baseline  case 
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Figure  8  Velocity  signal  containing  a  turbulent  wave  packet  at 
station  5  for  the  baseline  case 


tions  contained  in  the  time-domain  signal;  or  (2)  nonperiodic 
wave  forms,  such  as  nonperiodic  pulses,  in  the  time-domain 
signal.  To  investigate  the  source  of  these  humps,  the  power 
spectrum  of  each  data  piece  was  examined.  An  average  power 
spectrum  is  an  average  of  the  power  spectra  for  40  datapieces; 
each  datapiece  contains  1024  datapoints  obtained  in  a  sampling 
duration  of  0.512  seconds.  These  humps  only  appeared  in  some 
of  the  power  spectra  of  those  signals  containing  nonperiodic, 
finite-width  impulses.  One  such  impulse  is  shown  in  Figure  S. 
This  impulse  is  clearly  related  to  the  change  of  the  mean  value  as 
the  signal  passed  a  turbulent  spot  or  wave  packet.  This  impulse 
may  be  recognized  as  the  first  turbulent  wave  packet  observed  in 
the  velocity  signals.  If  this  turbulent  wave  packets  were  removed, 
the  humps  in  the  power  spectrum  of  the  velocity  signal  would 
disappear,  as  shown  in  Figure  9.  Therefore,  a  sinusoidal-like 
power  spectrum  signifies  the  earlier  transition  region  that  occurs 
when  distinctive  turbulent  wave  packets  pass  nonperiodical]  v. 
These  sinusoidal  humps  disappear  when  the  occurrence  of  the 
turbulent  wave  packet;  i.e.,  the  intermittency,  increases,  as  shown 
at  station  6  in  Figure  7.  A  regiop  of  high  energy  contained 
between  60  and  250  m_1  can  be  seen  even  after  removal  of  the 
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Figure  9  Power  spectrum  of  the  signal  in  Figure  7  after  re¬ 
moval  of  the  turbulent  wave  packet  at  station  5  for  the  baseline 
case 
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Figure  10  Streamwise  evolution  of  peak  velocity  fluctuations 
and  Reynolds  shear  stresses  for  the  baseline  case 
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Figure  11  Distribution  of  Reynolds  stresses  and  turbulent  en¬ 
ergy  production  at  station  7  for  the  baseline  case 


wave  packet  in  Figure  9.  This  verifies  the  statement  made  earlier 
that  the  linear  T-S  wave  frequencies  contribute  to  the  oscillations 
of  the  nonturbulent  part  of  the  velocity  signals  between  wave 
packets. 

Spectral  distributions  of  velocity  fluctuations  in  wave 
packets  and  their  streamwise  evolution  in  the  transition 
process 

Before  discussing  the  spectral  distributions  of  the  velocity  fluctu¬ 
ations,  it  would  be  helpful  to  review  the  streamwise  evolution  of 
the  peak  tf,  v\  and  uv  values  during  the  transition  process,  as 
shown  in  Figure  10.  Each  point  represents  the  maximum  value 
across  the  boundary  layer  at  a  fixed  x-location.  As  shown  in  this 
figure,  the  peak  value  of  uf  at  each  station  reached  its  maximum 
value  at  approximately  two-thirds  of  the  transition  region  (station 
7,  X  =  1.07  m;  T  =  0.88),  and  then  decayed  gradually  to  a  nearly 
constant  value  in  the  turbulent  region.  However,  the  peak  values 
of  vf  and  uv  increased  to  their  maximum  values  in  the  later  pan 
of  the  transition  region,  and  each  maintained  an  approximately 
constant  value  into  the  turbulent  region.  Further  discussion  of 
possible  energy  transport  related  to  these  phenomena  can  be 
found  in  Kuan  and  Wang  (1990)  and  is  not  repeated  here. 

The  peak  locations  of  li  and  uv  in  the  boundary  layer  at 
station  7  in  the  transition  region,  as  replotted  in  Figure  11,  were 
very  different.  The  maxinnim  u'  occurred  at  around  y/8  =  0.1; 
whereas,  the  maximum  uv  (approximately  twice  the  wall  shear) 
occurred  at  around  y/ 8* 0.35  (or  Y* «  70).  To  our  intuition, 
the  region  of  high  u'  should  have  been  an  indication  of  high 
turbulent  energy  production.  _To  check  on  this,  the  turbulence 
energy  production  term  { —  uvdu/dy),  which  extracts  energy 
from  the  mean  flow,  was  calculated  and  normalized,  and  the 
results  are  shown  in  Figure  11.  The  results  indicate  that  the  peak 
location  of  the  local  turbulence  production  coincided  with  the 


peak  location  of  u.  This  evidence  implies  that  the  high  u  values 
are  more  likely  caused  by  local  turbulence  production  than  by 
convection  from  upstream. 

It  is  interesting  to  find  out  what  causes  the  high  Reynolds 
shear  stress,  uv.  Because  the  region  of  maximum  uv  values  do 
not  coincide  with  those  of  turbulent  production,  the  comparison 
made  in  Figure  11  does  not  suggest  that  high  Reynolds  shear 
stress  is  relatedjo  high  turbulence  production.  However,  because 
the  maximum  uv  occurred  at  around  Y+  *  70,  it  was  conjectured 
that  the  region  of  high  Reynolds  shear  stress  may  have  been  a 
manifestation  of  conventional  vortex  break-up  activity'  or  fluid 
ejection  attributable  to  bursting.  Physically,  this  conjecture  com¬ 
bined  with  the  results  in  Figure  11  suggests  that  the  breakups  that 
occurred  at  the  tip  of  the  hairpin  vortices  might  have  produced 


Figure  12  Power  spectra  of  u  velocity  fluctuations  at  the 
maximum  if  locations  for  the  baseline  case 
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Figure  13  Power  spectra  of  v  velocity  fluctuations  at  the 
maximum  if  locations  for  the  baseline  case 


0.5 


>  0.4 


S  o, 

M 
«* 

£  0.1 
—  0.0 

Figure  15  Comparison  among  Eu(k),  Ev(k),  and  Puv(ki  at  the 
maximum  uf  location  of  station  12  for  the  baseline  case 


large  turbulent  shear  stress,  rather  than  turbulence  energy,  in  a 
magnitude  of  twice  the  local  wall  shear. 

Spectral  analysis  of  the  u  and  v  velocity  fluctuations  can 
provide  further  information  about  the  energy  transfer  process. 

As  discussed  in  the  preceding  section,  once  the  transition  was 
initiated  near  station  5,  the  power  spectrum  in  the  high  wave 
number  range  increased  rapidly  with  increasing  distance  down¬ 
stream.  This  increase  can  be  seen  in  Figure  12.  The  power 
spectrum  at  the  wave  number  range  higher  than  60  is 
believed  to  be  derived  mainly  from  the  fluctuations  in  the  turbu¬ 
lent  wave  packets.  Information  on  spectra  with  frequencies  higher 
than  1000  Hz  (or  wave  numbers  higher  than  approximately  1000 
m-1  for  the  baseline  case)  is  not  available,  because  the  sampling 
rate  was  2000  points/s,  and  the  Nyquist  principle  implies  that 
spectra  information  is  only  meaningful  for  frequencies  lower  than 
one-half  of  the  sampling  frequency. 

One-dimensional  power  spectra  of  u  and  r  and  their  co-spec¬ 
tra  obtained  at  the  maximum  u  locations  for  the  baseline  case, 
normalized  by  the  corresponding  variance,  are  presented  in  Fig¬ 
ures  12,  13,  14,  and  15.  In  these  figures,  the  power  spectra  or 
co-spectra  are  weighted  with  wave  number  in  die  form  kE(k )  and 
are  plotted  as  a  function  of  ln(/c).  The  area  under  the  curve 
represents  the  total  energy  or  variance,  which  equals  1  after 
normalization  since 

E(k)dk  =  kE(k)d\n(k)  (1) 

Similar  to  the  evolution  of  the  spectra  of  u  (Figure  12),  the 
evolution  of  the  spectra  of  v  in  Figure  13  also  shows  that  the 
fraction  of  energy  contained  in  the  low  wave  number  range 
(k  <  60  m-1)  decreased  while  the  fraction  of  energy  contained  in 
the  high  wave  number  range  (k  >  60  m"1)  increased  during  the 


transition  process.  The  evolution  of  this  process  was  faster  for  v 
than  it  was  for  u.  For  v,  the  power  spectra  changed  dramatically 
from  station  5  to  station  6  and  reached  an  equilibrium  from 
station  7  to  station  10.  It  is  interesting  to  see  that  the  instability  at 
around  180  m"1  at  station  5  is  especially  amplified  in  Figure  13. 
A  rapid  change  in  the  u  power  spectra  occurred  later  between 
station  7  and'station  8,  and  equilibrium  was  not  reached  until 
downstream  of  station  9.  These  observations  are  consistent  with 
the  maximum  uf  and  v  evolutions  shown  in  Figure  10. 

In  the  late  transition  and  early  turbulent  regions  (downstream 
of  station  8),  there  was  a  plateau  of  high  energy  content  between 
100  m”1  and  400  m~ 1  for  the  power  spectra  of  u  (Figure  12).  In 
contrast,  the  range  of  high  wave  number  for  the  power  spectra  of 
v  was  within  300  nT1  to  1000  m“l.  The  peak  locations  of  the 
power  spectra  of  u  occurred  near  the  end  of  the  plateau  region  of 
the  power  spectra  of  u .  This  may  imply  that  the  energy  transfer 
from  the  longitudinal  velocity  fluctuations  ( u )  to  the  cross-stream 
velocity  fluctuations  (u)  is  most  effective  in  the  high  wave 
number  range  (between  300  m~ 1  and  1000  m  1  for  the  baseline 
case).  This  is  consistent  with  the  cascading  theory  of  turbulence 
energy,  with  the  recipients  of  energy  being  in  smaller  eddies. 
This  transfer  of  energy  from  u  to  v  may  largely  take  place 
through  the  correlation  with  the  pressure  fluctuations  (rerum-to- 
isotropy  terms),  as  is  mentioned  later  in  Figure  18.  The  pressure 
fluctuations  seem  to  be  the  only  communication  channel  between 
the  u'1  and  the  if1  transport  equations. 

The  co-spectra  between  u  and  v  at  station  6  in  the  early 
transition  region  and  at  station  12  in  the  turbulent  region  are 
shown  in  Figures  14  and  15.  In  tjiese  figures,  the  co-spectra  are 
seen  to  have  been  affected  by  both  velocity  fluctuations,  but  the 
effect  of  v  is  dominant.  This  suggests  that  the  turbulent  shear 
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Figure  14  Comparison  among  Ev(k)r  Evik),  and  Puvik)  at  the 
maximum  if  location  of  station  6  for  the  baseline  case 


Figure  16  Power  spectra  of  u  velocity  fluctuations  at  the 
maximum  if  locations  for  the  case  with  FST1  =  6.4% 
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Figure  17  Power  spectra  of  v  velocity  fluctuations  at  the 
maximum  o'  locations  for  the  case  with  FSTI  =  6.4% 


Figure  19  Normalized  dissipation  energy  spectra  of  d2  at  the 
maximum  d  locations  for  the  case  with  FSTI  -  6.4% 


stress  is  predominantly  driven  by  v,  even  in  the  presence  of 
higher  magnitudes  of  u.  This  provides  an  important  insight  into 
the  dominance  of  v  activity  in  the  transport  of  turbulent  shear 
stress.  The  higher  magnitudes  of  u'  below  &0  m  1  are  stream- 
wise  unsteadiness,  so  it  does  not  correlate  well  with  the  turbulent 
shear. 

Elevated  FSTI  case 

The  normalized  power  spectra  of  the  u  and  v  velocity  fluctua¬ 
tions  for  the  elevated  FSTI  case  (6.4%)  at  maximum  d  locations 
are  shown  in  Fieures  16  and  17.  In  these  figures,  the  turbulence 
energy  is  negligible  beyond  1000  m-1.  For  the  fluctuations,  the 
energy  above  30  m'1  (Figure  16)  was  amplified;  the  energy 
below  30  m-1  was  damped  but  maintained  at  a  higher  level  than 
for  the  baseline  case  (Figure  12).  The  peak  for  the  u  spectrum  in 
the  late  transitional  and  early  turbulent  region  occurred  at  around 
40  ~  70  m  ~ 1  for  the  6.4%  FSTI  case  (Figure  16),  while  the  peak 
occurred  at  around  200  ~  400  m-1  for  the  baseline  case  (Figure 
12).  The  peak  of  the  v  spectrum  in  the  late  transitions^  and  early 
turbulent  region  took  place  at  around  100  ~  200  m  1  for  the 
elevated  FSTI  case  (Figure  17).  while  the  peak  is  at  around  500 
m_I  for  the  baseline  case  (Figure  13).  These  differences  in  the 
wave  number  ranees  containing  the  primary  turbulence  energy 
may  have  been  caused  by  the  difference  between  the  free-stream 
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Figure  18  Hypothetical  primary  energy  transfer  processes  in  a 
transitional  boundary  layer 


velocities.  Recall  that  the  free-stream  velocity  was  12.24  m/s  for 
the  baseline  case  and  1.7  m/s  for  the  high-turbulence  case. 

The  term  (3u/3x)'  of  the  dissipation  energy  terms 


in  the  u'  transport  equation  (see  Figure  18)  can  be  estimated  from 
the  u  spectrum.  Based  on  Taylor’s  hypothesis,  (3u/3x)  can  be 
shown  to  be  proportional  to 

Ul 

(bu/ax)1  is  used  here  to  approximately  represent  the  dissipation 
energy  terms  in  the  u2  transport  equation.  Similarly,  (bv/bx) 
is  used  to  approximately  represent  the  dissipation  energy  terms 

f  ~<5r  (hT\ 

\  2il  **k ) 

in  the  v'2  transport  equation.  The  stream  wise  evolution  of  the 
normalized  spectral  dissipation  energy  distributions  of  i/_and  v' 
for  a  low-velocity,  high-free-stream  turbulence  case  (14  =  1-7 
m/s;  FSTI  **  6.4%)  are  shown  in  Figures  19  and  20.  By  compar¬ 
ing  these  two  figures  with  the  u  and  u  spectra  in  Figures  16  and 
17,  it  is  apparent  that  the  evolution  of  the  spectral  distribution  of 
the  dissipation  energy  was  faster  than  that  of  the  corresponding 
turbulence  power  spectrum.  Jhe  evolution  of  the  dissipation 
energy  distributions  for  the  u  component  was  similar  to  that  for 
the  v  component,  with  more  energy  being  dissipated  at  a  higher 


Figure  20  Normalized  dissipation  energy  spectra  of  d2  at  the 
maximum  d  locations  for  the  case  with  FSTI  -  6.4% 
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wave  number  range  as  the  transition  proceeded.  This  implies  that 
the  cascading  process  at  a  high  wave  number  (with  small  eddies) 
is  faster  than  at  a  low  wave  number  (with  large  eddies). 

Based  on  the  aforementioned  discussion,  the  major  energy 
transfer  process  in  the  transition  region  can  be  hypothesized,  as  in 
Figure  18.  Once  the  bursts  occur  at  the  final  stage  of  the 
formation  of  3-D  vortices,  a  turbulent  shear  stress  distribution 
Gw)  forms  around  the  bursts  at  about  Y*  =  70  ~  100  (Figure  11), 
and  energy  transfers  from  the  mean  flow  to  the  longitudinal 
velocity  fluctuations  (process  I)  through  the  energy  production 
term  { -  uvdU/by]  in  the  near-wall  region  (Figure  11).  Then, 
some  energy  from  the  longitudinal  velocity  fluctuations  transfers 
to  the  cross-stream  velocity  fluctuations  at  a  higher  wave  number 
range  (Figures  12  and  13)  through  the  return-to- isotropy  terms, 
which  seem  to  be  the  only  communication  channel  between  the 
it2  and  transport  equations  (process  II).  The  Reynolds  shear 
stress,  which  is  driven  by  the  cross-stream  velocity  fluctuations 
as  shown  in  Figure  14,  increases,  extracting  more  energy  from 
the  mean  flow  via  the  production  term 


(process  IE).  The  increased  turbulent  shear  stress  then  extracts 
more  energy  from  the  mean  flow  to  it  through  process  I  again. 
This  energy  transfer  process  forms  the  main  routes  for  production 
of  it',  o',  and  uv  (processes  I,  II,  and  EL)  with  supplying  pipelines 
of  energy  from  the  mean  flow  that  have  branches  to  each 
component  through  diffusion  and  dissipation.  At  the  same  time, 
the  cascading  process  transfers  the  low  wave  number  fluctuation 
energy  to  the  high  wave  number  fluctuation  energy  in  the  wave 
number  domain,  and  the  energy  is  dissipated  into  heat.  Dissipa¬ 
tions  of  it  and  v'  reach  the  “asymptotic  spectra”  (Figures  19 
and  20)  of  typical  turbulent  boundary  layer  profiles  first  fol¬ 
lowed  by  the  vf2  spectrum  (Figures  10,  13,  and  17).  Once  v'2 
attains  the  asymptotic  spectrum,  the  production  of  the  Reynolds 
shear  stress  reaches  its  limit  and  the  energy  transfer  from  the 
mean  flow  to  the  longitudinal  velocity  fluctuations  becomes 
saturated.  Eventually,  u  starts  to  decay  (Figure  10)  because  of 
the  limited  supply  of  energy  from  the  mean  flow  and  constant 
dissipation  through  the  cascading  process;  it  reaches  the  asymp¬ 
totic  state  last  This  scenario  is  based  on  spectral  information 
obtained  from  maximum  it  locations  in  the  boundary  layer  and 
along  the  stream  wise  direction.  The  effect  of  diffusion  across  the 
boundary  layer  is  not  included  in  the  above  discussion. 

Spectral  analogy  between  velocity  and  temperature 
fluctuations 

Comparisons  of  the  normalized  power  spectra  among  the  u,  t>, 
and  t  fluctuations  at  the  maximum  u  locations  for  station  6  and 


Figure  22  Comparison  among  £„(*),  Evik),  and  Etik)  at  the 
maximum  if  location  of  station  12  for  the  baseline  case 


station  12  are  shown  in  Figures  21  and  22.  As  is  evident  in  these 
figures,  the  thermal  power  spectra  of  the  t  temperature  fluctua¬ 
tions  are  very  close  to  the  spectra  of  the  u  velocity  fluctuations  in 
the  early  transitional  region  with  a  large  portion  of  energy 
contained  in  the  wave  number  range  less  than  80  m~\  Con¬ 
versely,  the  v  spectrum  contains  more  energy  in  the  higher  wave 
number  range  with  a  maximum  value  around  500  m-1  (Figure 
21).  In  the  early  turbulent  region  at  station  12,  a  large  portion  of 
the  energy  of  u  and  t  has  moved  to  wave  numbers  higher  than  80 
m  “ 1  (Figure  22).  It  is  interesting  to  see  all  three  curves  in  Figure 
22  cross  at  the  same  wave  number,  approximately  180  m"1, 
which  happens  to  be  the  most  amplified  wave  number  at  station  5 
in  Figure  13.  The  implication  of  this  synchronized  “cross-over” 


Figure  23  Comparison  among  Euik),  Et(k),  and  Putik)  at  the 
maximum  it  location  of  station  6  for  the  baseline  case 


Figure  21  Comparison  among  Euik),  Ev(k),  and  Et(k)  at  the  Figure  24  Comparison  among  Euik),  Et{k),  and  Put(k)  at  the 
maximum  it  location  of  station  6  for  the  baseline  case  maximum  it  location  of  station  12  for  the  baseline  case 
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Figure  25  Comparison  among  Evik),  ETik),  and  Pvt(k)  at  the 
maximum  u  location  of  station  6  for  the  baseline  case 


can  be  interpreted  as  the  impact  of  the  v  fluctuations  on  the  t 
fluctuations.  If  we  look  back  at  the  spectra  in  the  transitional 
region  in  Figure  21,  u  and  t  almost  exactly  overlapped;  however, 
in~the  early  turbulent  region  in  Figure  22,  the  t  curve  seems  to  be 
pulled  down  by  the  v  curve  in  the  wave  number  range  less  than 
180  m"1  and  pulled  up  by  the  v  curve  above  180  m  .  Although 
the  deviation  of  t  from  u  is  not  large,  the  effect  of  v  on  passive 
temperature  fluctuations  is  very  significant,  because  the  magni¬ 
tude  of  the  v  fluctuations  is  smaller  than  that  of  the  u  fluctua¬ 
tions.  It  should  be  noted  that  the  magnitudes  in  Figure  22  are 
normalized  values. 

Comparison  among  the  normalized  spectra  of  the  u  and  t 
fluctuations  and  their  cospectra  for  the  baseline  case  is  shown  in 
Figure  23  at  station  6  and  in  Figure  24  at  station  12.  Generally, 
the  correlation  between  the  longitudinal  velocity  and  the  tempera¬ 
ture  fluctuations  is  better  at  the  low  wave  number  range  than  at 
the  high  wave  number  range  in  both  the  transitional  and  the 
turbulent  regions.  It  should  be  remembered  that  at  wave  numbers 
lower  than  120  m~\  the  velocity  fluctuations  are  more  associ¬ 
ated  with  unsteadiness  than  with  turbulence. 

In  an  elevated  FSTI  case  (6.4%),  comparisons  among  the 
spectra  of  v  and  t  fluctuations  and  their  co-spectra  in  the 
transition  region  (station  6)  are  shown  in  Figure  25.  Similar  to  the 
co-spectra  between  the  u  and  v  velocity  fluctuations,  the  co- 
spectra  between  the  £_  and  t  fluctuations  are  strongly  affected  by 
the  v  spectrum.  The  vt  correlation  (Figure  25)  is  better  than  the  ut 
correlation  (Figure  23)  in  the  higher  wave  number  range.  This 
mav  suggest  that  the  cross-stream  Reynolds  heat  flux  (ur)  is 
transported  by  smaller  eddies  than  is  the  streamwise  Reynolds 
heat  flux  (ut). 


Conclusion 

A  spectral  analysis  of  boundary-layer  transition  on  a  heated  flat 
plate  was  conducted  at  FSTI  —  0.5%  and  6.4%.  The  spectra  of  u , 
y,  and  t  and  their  co-spectra  ut  and  vt  were  processed  at  the 
maximum  \i  locations  of  each  streamwise  measuring  station.  The 
linear  T-S  instability  wave  amplification  was  observed  in  the 
case  with  0.5%  FSTI. 

The  results  indicate  that  the  peak  location  of  the  turbulence 
production  (y/S  =  0.1)  coincides  with  the  peak  location  at  tf'; 
whereas,  the  region  of  high  turbulent  shear  (y/fc  =  0.35  or 
y  a r  70)  produces  little  turbulence  energy.  The  high  turbulent 
shear  stress  was  speculated  to  be  associated  with  the  break-up 
activity  of  the  hairpin  vortices. 

Once  the  transition  starts,  a  large  fraction  of  energy  ^is 
contained  in  the  lower  wave  number  range  (less  than  60  m  ); 
whereas,  the  u'z  energy  is  contained  in  the  higher  wave  number 
range  (near  600  m" 1  and  beyond).  A  primary  energy  transfer 


process  for  a  transitional  boundary  layer  is  hypothesized  (Figure 
18).  The  return  to  isotropy  terms  play  an  important  role  in 
transferring  u  component  energy  to  the  v  component,  especially 
in  the  high  wave  number  range.  The  v  spectrum  reaches  the 
asymptotic  distribution  of  a  typical  turbulent  boundary  layer 
faster  than  the  u  spectrum  does  during  the  streamwise  evolution 
in  the  transitional  region  (Figures  10,  12,  and  13).  The  turbulent 
shear  stress  (uv)  was  predominantly  driven  by  v  even  in  the 
presence  of  higher  magnitudes  of  u.  The  dissipation  power 
spectra  for  both  u  and  v  evolves  faster  than  the  turbulence  power 
spectra  of  u  and  v  in  the  transitional  process. 

The  power  spectrum  of  the  temperature  fluctuations  coincides 
with  that  of  the  longitudinal  velocity  fluctuations  in  the  early  to 
middle  transitional  flow,  but  it  is  significantly  affected  by  the  v 
spectrum  in  the  late  transitional  and  early  turbulent  flow  regions. 
The  correlation  between  the  u  velocity  fluctuations  and  the 
temperature  fluctuations  is  stronger  at  a  low  wave  number  range 
than  at  a  high  wave  number  range.  For  the  elevated  free-stream 
turbulence  intensity  case,  the  turbulence  energy  is  contained  in  a 
narrower  wave  number  band  than  in  the  low  turbulence  intensity 
case.  The  cross-stream  Reynolds  heat  flux  (vt)  is  transported  by 
smaller  eddies  than  is  the  streamwise  Reynolds  heat  flux  (ut). 
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Effects  of  Criterion  Functions 
on  Intermittency  in  Heated 
Transitional  Boundary  Layers 
With  and  Without  Streamwise 
Acceleration 


Attempting  to  understand  die  mechanisms  of  momentum  ana  thermal  transports  in 
transitional  boundary  layers  has  resulted  in  the  use  of  conditional  sampling  to  separate 
the  flow  into  turbulent  and  nonturbulent  portions.  Vie  choice  of  a  proper  cntenon 
function  to  discriminate  between  the  two  flow  conditions  is  ended.  A  detailed 
experimental  investigation  was  performed  to  determine  the  effects  of  different  cntenon 
functions  on  the  determination  of  intermittency  for  application  in  heated  transitional 
boundary  layers  with  and  without  streamwise  acceleration .  Sine  separate  cntenon 
functions  were  investigated  for  the  baseline  case  without  pressure  gradient  and  three 
cases  with  streamwise  pressure  gradient .  Inherent  differences  were  found  to  exist 
between  each  criterion  functions  turbulence  recognition  capaoihties.  The  results 
indicate  that  using  a  criterion  function  based  on  Reynolds  shear  s^ess.  (one  /  <rj  •  for 
turbulent  /  nonturbulent  discrimination  in  a  heated  transitional  boundary  layer  is 
superior  to  a  single  velocity  or  temperature  scheme.  Peak  values  :n  intermittency  for  the 
early  to  midtransitional  region  were  found  to  occur  away  from  the  wall  at  approximately 
y  /  S  =  0.3  for  all  cases.  To  match  the  universal  intermittency  aismbution  of  Dnawan 
and  Narasimha  (1958).  the  minimum  values  of  intermittency  at  v  /  5  ~  0.1  should  be 
used  as  the  representative  “ near-wall" values. 


Introduction 

Boundary  layer  transition  from  laminar  to  turbulent  flow 
has  been  recognized  as  an  important  feature  in  the  through- 
flow  of  a  gas  turbine  (Graham,  1979,  1984;  Mayle,  1991). 
Heat  transfer  in  a  Turbulent  boundary  layer  with  a  moderate 
Prandtl  number  is  typically  treated  as  a  passive  process 
controlled  by  the  turbulent  'momentum  transport.  For  a  gas 
turbine  blade,  where  as  much  as  50-80  percent  of  the  turbine 
blade  surface  is  covered  with  flow  undergoing  laminar-turbu¬ 
lent  transition  (Turner,  1971),  this  relation  between  momen¬ 
tum  and  thermal  transport  has  not  been  verified.  In  addition, 
turbine  blades  are  exposed  to  diverse  pressure  gradients  that 
mav  compound  these  transport  differences.  Recognizing  and 
understanding  the  fundamental  mechanisms  involved  in  tran¬ 
sitional  convective  heat  transfer  are  keys  to  improving  the 
heat  transfer  modeling  and  enhancing  the  accuracy  of  ther¬ 
mal  load  predictions  on  gas  turbine  blades. 

Attempting  to  understand  the  mechanisms  in  transitional 
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momentum  and  thermal  transports  has  resulted  in  the  use  of 
conditional  sampling  to  separate  the  flow  into  turbulent  and 
nonturbulent  portions.  Conditional  sampling  techniques  used 
in  turbulent  boundary  layer  and  shear  nows  are  many:  how¬ 
ever,  their  application  to  heated  transitional  flow  is  not  well 
developed.  The  choice  of  a  proper  criterion  function  to 
discriminate  between  the  two  flow  conditions  is  critical.  The 
use  of  temperature  as  a  passive  contaminant  to  discriminate 
between  the  turbulent  and  nonturbulent  portions  as  done  in 
turbulent  boundary  layer  flows  and  shear  flows  is  question¬ 
able  in  transitional  boundary  layers  since  discrepancies  be¬ 
tween  the  momentum  and  thermal  transport  in  a  transitional 
boundary  layer  exist.  Blair  (1982.  1992).  Sharma  (1987).  and 
Volino  and'  Simon  (1991)  determined  that  the  length  of 
transition  for  accelerating  flows  is  longer  for  the  thermal 
than  for  the  momentum  boundary  layer.  Sharma  recom¬ 
mended  the  use  of  a  separate  intermittency  factor  tor  the 
thermal  boundary’  layer  under  these  conditions.  In  light  of 
these  observations,  a  need  exists  to  determine  the  sensitivity 
of  the  intermittency  factor  in  the  heatec  transitional  bound¬ 
ary’  laver  to  the  choice  of  criterion  function. 

Emmons'  (1951)  statistical  theory  of  transition  introduced 
the  concept  of  an  intermittency  factor  for  calculation  in  the 
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transitional  boundary  layer.  Emmons  proposed  that  the  tur¬ 
bulent  patches  could  be  treated  as  fully  turbulent  flow  and 
the  nonturbulent  patches  as  laminar  flow.  The  bulk  flow 
properties  could  then  be  reconstructed  as  X  —  (1  —  T)Xnt  + 
TXr  For  example,  the  skin  friction  coefficient  in  the  transi¬ 
tional  region  could  be  found  from  the  intermittency  factor 
and  the  appropriate  combinations  of  the  turbulent  and  lami¬ 
nar  values;  Cf  -  (1  -  r )Cfnt  +  TCfr  By  knowing  the  inter¬ 
mittency  factor  at  any  streamwise  location,  the  bulk  proper¬ 
ties  of  the  transitional  boundary  layer  could  be  determined. 
Treating  the  turbulent  portion  of  transitional  flow  as  a  fully 
turbulent  flow  and  the  nonturbulent  portion  as  a  laminar 
flow  is  a  widely  used  engineering  practice  (Amal,  1984; 
Narasimha,  1985;  Mayle,  1991).  This  practice  has  been  re¬ 
cently  questioned  by  Kuan  and  Wang  (1990).  Their  concern 
was  not  on  the  concept  of  intermittency  but  on  the  adequacy' 
of  treating  the  turbulent  portion  as  a  fully  turbulent  flow  and 
the  nonturbulent  portion  as  a  laminar  flow.  They  concluded 
that  both  turbulent  and  nonturbulent  portions  of  the  transi¬ 
tional  flow  are  different  from  their  counterparts  in  the  fully 
turbulent  and  laminar  flow. 

The  determination  of  the  turbulent  and  nonturbulent  por¬ 
tions  of  the  transition  region  and  their  subsequent  separation 
relies  on  the  technique  of  conditional  sampling.  This  tech¬ 
nique  was  discussed  in  detail  by  Hedley  and  Keffer  (1974) 
and  Muck  (1980).  It  is  comprised  of  three  main  stages: 
selection  of  a  criterion  function,  determination  of  a  threshold 
level,  and  generation  of  an  intermittency  function. 

Turbulent  flow  is  a  three-dimensional  rotational  flow  char¬ 
acterized  by  the  dissipation  of  mechanical  energy  into  heat 
through  a  cascade  of  eddies  of  diminishing  sizes.  The  crite¬ 
rion  function  should  be  ideally  representative  of  this  turbu¬ 
lence  and  offer  a  good  contrast  between  the  turbulent  and 
nonturbulent  portions.  However,  detection  of  an  energy  cas¬ 
cade  requires  spectral  analysis  and  renders  an  instantaneous 
decision  for  or  against  turbulence  difficult.  Fluctuating  vortic- 
itv  was  used  by  Corrsin  and  Kistler  (1955),  but  this  requires 
the  use  of  a  complex  probe  capable  of  spatial  differentiation 
and  is  considered  by  most  too  difficult  to  implement,  espe¬ 
cially  in  a  transitional  boundary  layer. 

Chen  and  Blackwelder  (1976),  Muck  (1980),  and  Antonia 
(1981)  considered  the  use  of  a  passive  scalar  such  as  tempera¬ 
ture  to  be  superior  to  velocity  or  vorticity  as  a  criterion 
function.  However,  Muck  (1980)  pointed  out  that  the  ques¬ 
tion  remains  whether  the  thermal  interface  coincides  with 
the  turbulent  (vorticity)  interface.  For  a  fully  turbulent  heated 


boundary*  layer,  turbulent/nonturbulent  discrimination  oc¬ 
curs  primarily  in  the  outer  boundary  layer  where  the  turbu¬ 
lent  fluid  is  rotational  and  the  nonturbulent  fluid  is  irrota- 
tional.  The  temperature  in  the  irrotational  portion  remains 
constant  and  is  lower  than  the  temperature  in  the  turbulent 
regions.  The  classic  temperature  discrimination  scheme  uses 
the  temperature  directly  and  identifies  “hot’7 fluid  as  turbu¬ 
lent  and  “cold”  fluid  as  nonturbulent.  Tne  validity  of  this 
classic  scheme  needs  to  be  re-examined  in  the  transitional 
boundary'  layer  where  the  vorticity  dynamics  are  different. 
The  dynamics  of  the  vortices  on  the  rotational/irrotational 
interface  of  the  fully  turbulent  boundary  are  different  than 
the  vortex  tubes  on  the  boundary  between  the  turbulent  and 
nonturbulent  portion  in  a  transitional  boundary  layer.  The 
temperature  in  the  irrotational  portion  of  the  turbulent  outer 
boundary'  layer  maintains  a  constant  lower  temperature  than 
the  rotational  portion.  However,  the  temperature  of  the 
nonturbulent  portion  of  the  transitional  boundary  layer  is  not 
necessarily  lower  than  the  temperature  in  the  turbulent  por¬ 
tion.  In  the  transitional  boundary  layer,  the  temperature 
profile,  similar  to  the  velocity  profile,  will  alternate  between 
a  laminarlike  profile  and  a  turbulentlike  profile.  In  addition, 
the  “calming  region7"  at  the  trailing  edge  of  a  turbulent  patch 
imposes  difficulty  for  discriminating  the  turbulent/nonturbu¬ 
lent  portions  since  both  fluctuating  magnitudes  and  mean 
values  are  changing.  No  such  calming  region  is  observed  in 
the  interface  between  a  turbulent  boundary  layer  and  free 
stream. 

Difficulties  also  arise  in  using  velocity  fluctuations.  Veloc¬ 
ity  fluctuations  are  not  unique  to  the  turbulent  fluid  and  may 
be  due  to  amplified  oscillations  of  the  free-stream  dis¬ 
turbances  or  Tollmien-Schiichting  waves.  As  a  result,  some 
procedure  must  be  used  to  desensitize  it.  Also,  spurious 
dropouts  (short  regions  where  the  criterion  function  falls 
below  the  threshold  level  indicating  nonturbulent  flow)  occur 
within  a  turbulent  burst  and  some  form  of  smoothing  is 
required.  Smoothing  may  take  the  form  of  a  running  average 
to  eliminate  the  spurious  dropouts  or  the  use  of  a  holding 
time  where  any  excursions  shorter  than  the  holding  time  are 
still  considered  turbulent.  Hedley  and  Keffer  (1974)  recom¬ 
mended  [(^u/^r1)2  +  {dzv/  dr2)2]  or  [( au/dr )2  + 

( dv/dr )2]  for  use  as  the  discrimination  scheme  stating  that 
the  Reynolds  shear  stress  has  a  lack  of  definition  at  the 
interface  leading  edge.  Antonia  (1972)  used  (due /dr)2  and 
reported  a  sharp  drop  in  the  Reynolds  shear  stress  at  the 
interface  conflicting  with  the  results  of  Hedley  and  Keffer. 


Nomenclature 


Cf  —  skin  friction  coefficient  = 

rw/(pU2/2) 

C_  —  pressure  coefficient 

'  =  (p  -  pn()Aa/2)pu*j 

K  -  pressure  gradient  parameter 
-  {v/V2\dUJdx) 

P  -  static  pressure  _ 

Rex  =  Reynolds  number  —  U^x/y 
t  =  instantaneous  fluctuation  in 
temperature 

t'  =  rms  value  of  temperature 
fluctuation 

T  =  instantaneous  temperature 
u,u,w  =  instantaneous  velocity  fluctu¬ 
ations  in  streamwise,  cross¬ 
stream,  and  spanwise  direc¬ 
tions 


u\  v\  w'  -  rms  values  of  velocity 
fluctuations 

u*  -  friction  velocity  =  y  rw/p 
U,V=  instantaneous  velocities 

U  -  mean  velocity 

IT*  U/u* 

iw=*  mean  Reynolds  shear  stress 

ut -  mean  Reynolds  streamwise 
heat  flux 

vt=  mean  Reynolds  cross-stream 
heat  flux 

x  =  coordinate  in  streamwise  di¬ 
rection 

v  »  coordinate  normal  to  the  sur¬ 
face 

Y~-yu*/v 

T  *  intermittency  factor 


8  *  boundary  iaver  thickness  at 
0.995  t4 

5*  =  displacement  thickness 
6  **  turbulent  dissipation  rate 
v  =  kinematic  viscosity 
f  «  length  in  transition  region  * 

*r~o.75  xr-0.25 

p  =  density 
r  *  time 

rw  —  shear  stress  on  the  wall 
Subscripts 

«  =  free-stream  value 
nt  =  nonturbulent 
ref  =  reference  location  at  *  =  20 
cm 

s  =  onset  of  transition 
t  —  turbulent 
w  -  at  the  wall 
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Muck  (19S0)  investigated  several  discrimination  schemes  and 
concluded  using  \iuv/Sr\  or  \aluv/Srz\  worked  best  and 
was  closest  to  the  temperature  scheme. 

The  threshold  value  is  the  minimum  value  of  the  criterion 
function  set  just  above  the  background  noise  and  nonturbu- 
lent  fluctuations.  Several  different  methods  for  choosing  a 
threshold  level  have  been  proposed.  Corrsin  and  Kistler 
(1955)  plotted  the  cumulative  distribution  functions  of  the 
intermittency  as  a  function  of  threshold  value.  The  point  of 
maximum  curvature  was  then  used  to  select  the  threshold 
value.  This  method  worked  well  when  the  intermittency  was 
low  but  was  unreliable  for  high  values  of  intermittency  (Muck, 
1980).  Hedlev  and  Keffer  (1974)  raised  the  threshold  level 
and  determined  the  average  time  duration  of  all  the  nontur- 
bulent  zones  of  the  discrimination  scheme  until  a  constant 
value  was  reached.  This  process  w  as  repeated  for  all  stream- 
wise  and  cross-section  locations.  A  similar  threshold  value 
was  observed  when  the  beginning  of  the  constant  time  aver¬ 
age  duration  was  reached.  This  single  value  was  used  for  all 
locations.  However,  this  method  is  very  sensitive  to  spurious 
dropouts  and  the  smoothing  procedure.  Antonia  (1972)  set 
the  threshold  equal  to  a  fraction  10.3)  of  the  overall  average 
of  the  function.  With  alfthese  different  schemes  being  tried 
what  remains  clear  is  that  there  is  no  rational  method  of 
choosing  a  threshold  value.  It  is  typically  adjusted  by  trial  and 
error  until  the  results  conform  with  the  individual  re¬ 
searchers  expectations  (Muck,  19S0). 

The  above-mentioned  investigations  were  performed  in 
fully  turbulent  boundary’  layers.  These  same  ideas  are  usually 
extended  into  transitional  boundary’  layers  but  it  remains  to 
be  verified  because  the  flow'  and  thermal  structures  in  the 
transitional  boundary'  layer  are  different  from  those  in  the 
turbulent  boundary'  layer  as  explained  previously.  The  work 
presented  in  this  paper  is  a  systematic  investigation  per¬ 
formed  to  determine  ‘the  effects  of  different  criterion  func¬ 
tions  on  intermittency  in  a  heated  transitional  boundary 
layer,  to  establish  an  adequate  conditional  sampling  tech¬ 
nique  to  separate  the  flow  into  the  appropriate 
turbulent/nonturbulent  portions,  and  to  investigate  specifi¬ 
cally  the  difference  between  velocity  and  thermal  intermit¬ 
tency’  if  it  exists.  Experiments  were  first  performed  in  a 
transitional  boundary'  layer  flow  ever  a  flat  surface  without  a 
streamwise  pressure  gradient  and  followed  by  three  cases  of 
accelerated  boundary'  layer  at  three  different  K  values. 

Experimental  Program 

Test  Facility.  The  test  facility  used  in  this  research  pro¬ 
gram  consisted  of  a  two-dimensional,  open  circuit,  blowing 
type  wind  tunnel.  The  maximum  air  speed  was  35  m/s, 
uniform  within  0.7  percent  and  steady  within  1  percent  over  a 
20-hour  period.  An  inlet  airflow  filter  box  was  covered  with  a 
laver  of  Ravon-viscous  felt  capable  of  filtering  out  particles 
larger  than  5  The  free-stream  air  temperature  was 
controlled  by  the  heat  exchanger  and  the  air  conditioning 
system  in  the  laboratory  and  could  be  maintained  within 
0.5°C  over  a  period  of  20* hours  and  uniformly  within  0.1°C.  A 
suction  fan  and  low-pressure  plenum  were  installed  at  the 
leading  edge  to  provide  suction.  A  detailed  description  of  the 
wind  tunnel  is  provided  by  Kuan  (  1987)  and  Kuan  and  Wang 
(1990). 

To  provide  the  two-dimensionai  flow  required  in  this  in¬ 
vestigation.  the  test  section  was  designed  with  a  large  aspect 
ratio  of  6.  The  test  section  was  0.15  m  wide.  2.4  m  long,  and 
0.92  m  high  consisting  of  a  heated  :est  wall,  an  outer  observa¬ 
tion  wall,  a  top  wall  cover,  and  a  bottom  wall  table.  A 
composite  construction  was  utilized  for  the  rectangular  2.4 
m  x  0.92  m  heated  test  wall.  The  back  surface  was  covered 
with  25.4  cm  of  R30  fiberglass  insulation  to  minimize  back¬ 
plane  conduction  losses.  The  heating  pad  consisted  of  a 


heater  foil  sandwiched  between  glass  cloth  and  silicon  rubber 
sheets.  A  1.56-mm-thick  aluminum  sheet  was  vulcanized  to 
the  front  surface  of  the  heater  pad  to  ensure  uniformity  of 
the  heat  flux.  A  1.56  mm  polycarbonate  sheet  was  placed  on 
the  front  surface  to  provide  a  smooth  test  surface  on  which 
the  air  flows  and  measurements  were  taken.  One  hundred 
eightv-five  3-mil  E-type  thermocouples  were  embedded  be¬ 
neath  the  test  surface  and  were  strategically  placed  along  the 
test  surface  to  capture  the  evolution  of  the  wall  heat  transfer 
during  the  transitional  flow  process. 

Fourteen  measuring  holes  of  2.54  cm  diameter  were  drilled 
alon*  the  centerline  axis  and  eight  measuring  holes  of  equal 
diameter  were  drilled  along  the  off-centerline  m  the  cross¬ 
span  direction.  The  first  centerline  measuring  hole  (station  1) 
is  located  20  cm  from  the  leading  edge  with  the  remaining 
measuring  holes  placed  every  15  cm  (labeled  sequentially 
station  2  "through  station  14).  Plexiglass  plugs,  flush  with  the 
inner  surface,  were  used  to  plug  the  holes  when  measure¬ 
ments  were  not  being  taken.  Slots  cut  into  the  table  and  the 
top  wall  provide  for  adjustment  of  the  outer  wall  in  order  to 
vary  the  pressure  gradient  in  the  test  section.  A  schematic  of 
the  thermocouple  layout  and  the  location  of  the  profile 
measurement  locations  is  shown  in  Fig.  1-  The  detailed 
description  of  the  test  section  and  heated  test  wall  was 
documented  by  Wang  et  al.  (1992)  and  Zhou  (1993). 

Geometry  of  the  Test  Section.  For  the  baseline  case,  with 
no  acceleration,  the  outer  wall  of  the  test  section  was  ad¬ 
justed  to  account  for  the  growth  of  the  boundary  layer  and  to 
maintain  a  near-zero  pressure  distribution  inside  the  test 
section  with  a  variation  of  pressure  coefficient,  Cp,  within  1 
percent  as  shown  in  Fig.  2.  . 

Three  different  favorable  pressure  gradients  were  utilized 
in  this  investigation.  A  constant  pressure  gradient  parameter, 
K,  was  maintained  during  each  case.  One  of  the  advantages 
of  using  a  constant  K  over  other  pressure  gradient  parame¬ 
ters  is  that  a  constant  K  can  be  directly  related  to  the 
geometry  of  the  test  section.  By  linearly  decreasing  the  wall 
separation  between  the  inlet  and  exit,  a  relatively  constant  K 
value  can  be  obtained.  For  each  acceleration  case,  the  width 
of  the  test  section  inlet  was  maintained  at  15.24  cm  and  the 
downstream  width  was  arranged  to  decrease  linearly  to  the 
exit  plane.  An  exit  width  of  14.6  cm  was  used  for  the  lowest 
acceleration  case  of  K  =  0.07  X  10-6  while  an  exit  width  of 
8.9  cm  was  used  for  the  highest  acceleration  case  of  K  =  0.25 
X  10-6.  The  free-stream  velocity  distribution  and  pressure 
coefficient  for  each  case  is  shown  in  Fig.  2.  It  should  be 
noted  that  a  constant  K  flow  is  inherently  different  from  ji 
Falkner-Skan  flow,  which  has  a  constant  A  [  = 
(5- / vXdU^/dx)]  value.  For  a  bounded  passage  flow,  as  in 
the  turbine,  a  use  of  K-value  to  characterize  the  flow  acceler¬ 
ation  is  more  appropriate  than  the  use  of  A  even  for  situa- 
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Fig.  2  Free-stream  velocity  and  corresponding  Cp  values  for  each 
case 


Fig.  3  Three-wire  boundary  layer  sensor 


tions  with  the  boundary  layer  thickness  much  smaller  in 
comparison  with  the  passage  width.  Detailed  explanations 
concerning  the  physical  meaning  of  flow  and  thermal  fea¬ 
tures  of  accelerated  boundary  layers  with  constant  K  values 
and  the  differences  between  a  constant  K  and  a  constant  A 
flow  were  made  by  Zhou  and  Wang  (1992). 

Three-Wire  Sensor.  A  specially  designed  miniature 
three-wire  probe  was  used  to  measure  all  the  boundary  layer 
velocity  and  temperature  data.  This  sensor  is  similar  to  that 
used  by  Sohn  et  al.  (1989).  An  X  array,  consisting  of  1.0-mm- 
long  and  2.5-/im-dia  Wollaston-type  platinum-coated  tung¬ 
sten  wires,  was  utilized  for  the  velocity  sensors.  An  active 
sensing  length  of  0.5  mm  was  etched  in  the  center.  The  X 
wires  were  placed  orthogonal  to  each  other  with  a  spacing  of 
0.35  mm.  Tne  temperature  sensor  is  a  0.35-mm-Iong  unplated 
platinum  wire  1.2  fim  in  diameter  placed  normal  to  the  mean 
flow  direction  in  a  plane  parallel  to  the  plane  of  the  cross 
wire  and  spaced  0.35  mm  from  the  X  array.  This  orientation 
for  the  temperature  wire  was  chosen  to  eliminate  any  stream- 
wise  temperature  gradients.  Due  to  the  difficulty  in  maintain¬ 
ing  the  accurate  sensor  arrangement  during  fabrication  when 
bending  the  three  pairs  of  prongs,  as  for  a  typical  boundary- 
layer  type  probe,  the  prongs  were  kept  straight:  the  probe 
stem  was  bent  at  an  angle  of  10  deg  from  the  probe  axis.  This 
angle  was  chosen  to  ensure  that  both  of  the  X  wires  touched 
the  wall  simultaneously  without  interference  between  the 
probe  stem  and  the  wall  (see  Fig.  3).  A  complete  description 


of  the  probe  design  and  qualification,  specifically  in  a  heated 
transitional  boundary  layer,  can  be  found  in  Shome  (1991). 

Measurements  and  Instrumentation.  The  velocity-sensors 
were  operated  in  a  constant- temperature  mode  using  a  TSI 
model  IFA  100  Intelligent  Flow  Analyzer.  The  I  FA  100 
allows  simultaneous  operation  of  up  to  four  channels.  A 
DISA  M20  temperature  bridge  was  used  :o  operate  the 
temperature  sensor  in  the  constant  current  mode.  For  future 
turbulent  power  and  thermal  power  spectral  analysis.  TSI 
Model  157  signal  conditioners  were  used  to  low  pass  niter 
signals  from  all  three  sensors.  The  X-wires  of  the  three-wire 
sensor  were  operated  at  overheat  ratios  of  I. A?  and  1.66.  The 
1.2  /xin  temperature  sensor  was  operated  with  a  very  low 
overheat  ratio.  The  probe  current  was  set  at  0.1  mA  and  an 
amplifier  gain  of  3500  was  used.  For  convenience,  the  veloc¬ 
ity  wires  are  called  hot  wires  and  the  temperature  wire  is 
called  cold  wire  in  this  study.  The  TSI  IFA  100  is  also 
equipped  with  a  square  wave  generator  with  a  frequency 
range  of  0.3-30  kHz  and  amplitude  range  of  0-4.5  V.  The 
square  wave  generator  was  used  to  optimize  the  frequency 
response  of  each  velocity  wire  prior  to  calibration  to  ensure 
minimum  under  or  over  damping  of  the  wire  response.  The 
optimum  frequency'  response  found  for  each  velocity  wire 
was  approximately  200  kHz.  The  frequency  response  of  the 
temperature  sensor  was  experimentally  determined  ranging 
from  4800-6400  Hz  depending  on  the  velocity  using  the 
DISA  M20  constant  current  bridge  (see  Wang  et  al..  1992. 
for  details).  The  data  from  all  three  sensors  were  subse¬ 
quently  sampled  at  2  kHz  for  20  seconds  with  the  low  pass 
filter  set  at  1  kHz. 

The  wind  tunnel,  the  test  wall  power  supply,  and  the 
cooling  water  supply  were  started  at  least  12  hours  prior  to 
the  experimentation.  A  global  measurement  tor  wall  temper¬ 
ature  distribution  was  performed  by  scanning  the  tempera¬ 
ture  approximately  every  two  hours.  Each  time  an  average  of 
three  different  scans,  which  each  scan  made  at  a  sample  rate 
of  1  channel/second,  was  obtained.  During  the  measurement 
of  each  boundary  layer  temperature  profile,  a  check  of  the 
steadiness  of  the*  local  wall  temperature  was  performed  be¬ 
fore,  midway,  and  at  the  end  of  each  measurement.  Both  the 
global  and  local  check  served  to  monitor  the  steadiness  of  the 
wall  and  the  free-stream  temperature.  For  aJ  thermocouple 
measurements  a  Metrabvte  IEEE-48S  general  interface  I/O 
expansion  board  was  used.  A  Fluke  S842A  r  /:  digit  digital 
multimeter  and  a  Fluke  2205A  100-channel  switch  controller 
were  interfaced  with  the  IEEE-488  board,  special  low*  volt¬ 
age  scanner  modules  (Model  2205A-600).  each  with  silver- 
coated  shields,  were  installed  in  the  switcn  controller  to 
provide  a  voltage  resolution  of  1  fxV  for  thermocouple  emf 
measurements.  For  each  case  a  uniform  heat  flux  of  j35 
W/m2  was  applied  to  the  test  wall  and  tne  free-stream 
temperature  was  maintained  at  approximately  lc°  C.  The 
resulting  wall  temperatures  ranged  from  24c  C  to  41°  C. 

Conditional  Sampling  Technique.  Conditional  sampling 
consists  of  three  primary  stages:  the  choice  of  a  criterion 
function,  the  determination  of  a  threshold  value,  and  the 
generation  of  an  intermittency  function.  The  determination 
of  the  threshold  value  and  intermittency  function  are  dis¬ 
cussed  below. 

To  determine  the  appropriate  threshold  value  for  each 
criteria  function,  a  “dual-slope  method'*  was  used.  This 
method  is  based  on  the  cumulative  distribution  of  probability 
density  functions  (PDF)  used  by  Corrsin  and  Kistler  (1955) 
and  was  extended  by  Kuan  and  Wang  (19V*o.  This  method 
uses  a  graphic  approach  to  find  the  threshold  value  at  each 
location.  A  program  was  used  to  generate  the  cumulative 
distribution  of  intermittency  as  a  function  of  threshold  value. 
For  each  data  reading,  the  criterion  tuncticr.  was  compared 
to  the  threshold  value.  If  the  value  was  greater  than  the 
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Fig.  4  Cumulative  distribution  of  Intermittency  for  varying  thresh¬ 
old  value  (Be,  =7.43  x  10s  with  d2U/dr2) 


(a)  (b) 

Fig.  5  (a)  Possible  probability  density  function  for  the  turbulent 
and  nonturbulent  fluid,  and  (b)  final  probability  density  function  for 
the  desensitized  criterion  function  (Hedley  and  Keffer,  1974) 

threshold,  the  reading  was  considered  turbulent.  If  the  value 
was  less  than  the  threshold  and  the  next  two  readings  also 
less  than  the  threshold,  the  reading  was  considered  nontur¬ 
bulent.  Once  all  the  readings  for  a  given  location  were 
categorized,  the  final  intermittency  for  that  threshold  was 
determined.  The  threshold  value  was  then  increased  and  the 
process  repeated.  The  resulting  intermittency  distribution 
function  was  then  plotted  as  shown  in  Fig.  4.  When  pre¬ 
sented  in  a  semi-log  coordinate,  two  straight  lines  of  different 
slopes  were  apparent  (therefore,  named  dual-slope  method) 
and  the  threshold  value  at  the  intersection  of  these  two  lines 
was  taken  as  the  initial  estimate.  Further  refinement  was 
required  to  find  an  optimum  value.  The  reasoning  behind 
this  method  is  as  follows.  The  background  noise  and  fluctua¬ 
tions  in  the  nonturbulent  portion  are  close  to  a  Gaussian 
probability  density,  fiq).  The  fluctuations  in  the  turbulent 
portions  also  have  a  Gaussian  probability  density  but  with  a 
larger  standard  deviation  (Fig.  5a).  By  choosing  the  appropri¬ 
ate  criterion  function  and  desensitizing  it,  the  intersecting 
region  of  these  two  curves  is  minimized  (Fig.  5b).  The  area  of 
intersecting  regions  depends  on  the  actual  flow  behaviors.  An 
inevitable  overlap  region  will  represent  the  probability  of 
indeterminable  discrimination  of  turbulence  from  nonturbu¬ 
lence.  For  each  threshold  value  32768  (2l~)  data  readings 
were  processed. 

After  the  sampled  data  were  reduced,  the  intermittency 
function  was  obtained.  The  value  of  this  function  is  1  if  the 
flow  is  turbulent  and  is  0  otherwise.  Due  to  inherent  spurious 
dropouts  amidst  turbulent  signals,  a  holding  time  was  intro¬ 
duced  to  smooth  out  these  spurious  dropouts.  Hedley  and 
Keffer  (1974)  suggested  an  optimum  holding  time  based  on 
the  Kolmogorov  length  scale,  ij  —  (v3/€>i/4*  recom" 
mended  holding  time  will  be  tj  divided  by  the  convective 
velocity  of  the  smallest  eddies.  However,  the  probe  resolution 
and  the  digital  sample  rate  must  also  be  considered.  The 
actual  holding  time  is  therefore  suggested  by  Hedley  and 
Keffer  (1974)  to  be  approximately  15-35  times  this  Kol¬ 
mogorov  scale.  Hedley  and  Keffer  used  a  value  of  4  times  the 


y/5* 


Fig.  6  Distribution  of  streamwise  velocity  fluctuations  for 
zero-pressure  gradient  (shaded  symbols  represent  points  Investi¬ 
gated) 


0.0  0.1  0.2  0.3  0.4  0.5 


Time  (sec) 

Fig.  7  Signals  and  correlations  for  T  -  0.5,  yf  $*  =  1.1  (baseline 
case);  A:  clearly  defined  turbulent  region;  B :  questionable  region 


sampling  time  interval,  which  was  0.0004  seconds.  Since  the 
eddy  size  in  transitional  flow  is  larger  than  the  eddy  size  in  a 
fully  turbulent  flow,  the  holding  time  was  assigned  a  larger 
interval  For  the  transitional  flow.  For  this  investigation,  with  a 
sample  rate  of  2  kHz  the  holding  time  was  set  equal  to  three 
sampling  time  intervals,  which  corresponds  to  approximately 
200  times  the  Kolmogorov  scale  for  the  fully  turbulent 
boundary  layer  (baseline  case). 

Results  and  Discussion 

Criterion  Functions.  All  criterion  functions  were  gener¬ 
ated  from  the  output  signals  of  the  three-wire  sensor.  The 
streamwise  and  cross-stream  velocities  (U  and  V),  the  tem¬ 
perature  (T\  and  the  corresponding  correlations  (ui.  a,  and 
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a)  Input  signal.  b)  Frequency  response. 


c)  Filtered  signal.  d)  Probability  density. 


Fig,  8  Comparison  of  first  derivative  to  ideal  digital  high-pass 
filter 


uv)  were  used.  Sixteen  locations  were  investigated  for  the 
zero-pressure  gradient  boundary  layer  (baseline  case).  Each 
cross-stream  location  was  selected  based  on  the  distribution 
of  streamwise  velocity  fluctuations  (w').  Station  5  (Re^.  =  6.13 
X  105)  was  the  first  measuring  location  to  indicate  signs  of 
transition  in  the  form  of  turbulent  bursts.  A  location  of 
y /$*  =  1.2  corresponding  to  the  maximum  peak  in  u  was 
investigated  for  this  station.  For  each  remaining  station  in 
the  transition  region,  stations  6  through  8  (Rex  =  7.43  x  10* 
through  Rex  =  9.87  x  105),  three  cross-stream  locations  were 
selected  corresponding  to  the  maximum  peak  in  u\  the 
plateau  region  following  this  maximum  peak,  and  a  point 
near  the  edge  of  the  boundarv  layer.  For  stations  9  through 
13  (Rex  -  11.2  x  105  through  Rex  -  16.2  x  105),  a  single 
location  near  the  edge  of  the  boundary  layer  was  investi¬ 
gated.  A  near-wall  point  was  also  investigated  for  the.  fully 
turbulent  boundary  layer  of  station  13.  Similar  points  were 
chosen  for  each  pressure  gradient  case.  Three  representative 
u’  distributions  for  stations  5.  $.  and  13  of  the  baseline  case 
and  the  corresponding  locations  of  investigation  are  shown  in 
Fig.  6.  An  example  of  the  signals  and  correlations  from  the 
baseline  case  for  station  6  with  T  =  0.5  are  shown  in  Fig.  7. 
It  is  apparent  that  turbulent/nonturbulent  discrimination 
from  the  direct  use  of  7\  U,  or  ut  would  be  difficult.  For  K, 
ut ,  and  uv  the  turbulent  portions  are  most  dearly  defined 
(labeled  A  in  Fig.  7)  but  several  questionable  regions  still 
exist  (labeled  B).  The  raw  signals  shown  in  Fig.  7  are 
inappropriate  for  use  as  criterion  functions  especially  with 
the  presence  of  unsteady  oscillations  in  the  nonturbulent 
portion.  A  means  of  desensitizing  the  signal  to  the  nonturbu¬ 
lent  fluctuations  must  be  implemented.  The  method  most 
commonly  used  is  to  high-pass  niter  the  signal  or  to  differen¬ 
tiate  the  signal  with  respect  to  time  and  square  it,  thus 
emphasizing  the  high-frequency  components. 

A  comparison  of  the  effects  of  using  an  ideal  digital 
high-pass  filter  and  taking  the  derivative  of  an  example  signal 
is  shown  in  Figs.  8(a-<i).  For  ail  differentiation  throughout 
the  analysis,  a  second-order  central -difference  technique  was 
utilized.  A  0.5  second  sample  of  the  Reynolds  shear  stress 
sampled  at  2  kHz  with  a  1  kHz  analog  filter  is  shown  in  Fig. 
8(a).  The  frequency  response  of  the  first  time  derivative  and 
the  ideal  digital  high-pass  filter  with  a  200  Hz  cutoff  fre¬ 
quency  are  shown  in  Fig.  8(  b  >.  The  first  time  derivative 
behaves  as  a  high-pass  filter  with  a  linear  phase  and  a 
frequency  response  with  a  slope  of  35  dB/decade.  Applying 
both  the  time  derivative  and  the  ideal  digital  high-pass  filter 
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Fig.  9  Corresponding  criterion  functions  for  T  =  0.5f  y/5*  =  1.1 
(baseline  case) 


to  the  signal  shown  in  Fig.  8(a)  and  squaring,  results  in  the 
criterion  functions  shown  in  Fig.  8(c).  Tlie  resulting  probabil¬ 
ity  distributions  for  each  case  are  indicated  in  Fig.  S (d).  For 
the  transitional  flow  signal,  no  significant  differences  are 
observed  between  using  the  first  time  derivative  filter  and  the 
ideal  digital  high-pass  filter.  These  results  are  significant  for 
several  reasons.  First,  using  a  digital  filter  in  post-acquisition 
allows  more  flexibility  than  using  a  high-pass  analog  filter 
during  acquisition.  This  allows  for  post-acquisition  filter  ad¬ 
justment  for  different  signals  and  flow  conditions.  Second, 
using  a  low-order  derivative  is  easier  to  implement  and 
requires  less  computational  time  than  a  higher  order  digital 
filter.  A  higher  order  filter  requires  more  terms  to  implement 
in  the  time  domain  than  a  low-order  derivative,  thus  increas¬ 
ing  computational  time.  Implementation  of  an  ideal  digital 
high-pass  filter  must  be  done  in  the  frequency  domain,  which 
requires  performing  an  FFT  and  IFFT,  resulting  in  more 
than  an  order  of  magnitude  increase  in  computational  time. 

Nine  separate  criterion  functions  were  investigated  for  the 
baseline  case  and  the  three  pressure  gradient  cases.  An 
example  of  the  criterion  functions  investigated  corresponding 
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Fig.  10  Intermittency  variation  for  different  criterion  functions 
(baseline  case) 


to  the  signals  in  Fig.  7  are  shown  in  Fig.  9.  Six  criterion 
functions~were  based  on  the  second  derivative  of  the  signals 
while  three  criterion  functions  were  based  on  the  square  of 
the  first  derivative.  In  both  these  figures.  0.5  seconds  of  data 
(1000  data  points)  are  shown  from  the  16.38  seconds  (32768 
point)  record.  The  intermittency  determined  from  the  “dual¬ 
slope  method”  for  each  criterion  function  was  compared  to 
that  obtained  by  direct  observation  (the  eyeball  method).  In 
all  cases  the  discrepancy  between  the  two  methods  was 
within  5  percent.  From  Fig.  9  it  is  observed  that  differences 
in  turbulence  discrimination  exist  between  the  various  crite¬ 
rion  functions.  A  larger  uncertainty  is  observed  in  using  the 
second  derivative  of  the  streamwise  Reynolds  heat  flux, 
d2ut/dr2  (CF7).  The  demarcation  between  the  turbulent 
and  nonturbulent  portions  for  this  criterion  function  is  not  as 
pronounced  as  the  others.  This  correlation  could  not  be 
desensitized  to  low-frequency  unsteadiness,  resulting  in  sev¬ 
eral  false  turbulence  readings.  This  low-frequency  unsteadi¬ 
ness  was  more  apparent  in  several  of  the  other  signals  (not 
shown  in  this  paper).  The  intermittency  values  obtained  using 
criterion  functions  based  on  temperature  (CF1)  or  a  single 
velocity  signal  (CF2  through  CF5)  were  comparable  within  5 
percent  throughout  the  transition  region.  No  advantage  was 
2ained  by  combining  velocity  signals  (CF5),  as  recommended 
bv  Hedlev  and  Keffer  (1974).  Using  criterion  functions  based 
on  uv  (CF6  and  CF9)  or  v t  (CFS)  resulted  in  intermittency 
values  0.14  to  0.38  lower  in  the  outer  boundary  layer  region 
(y/5>  4.0)  than  the  values  found  from  the  single-signal- 
based  criterion  functions.  These  discrepancies  occurred  in 
the  late  transitional  and  early  turbulent  regions  (stations 
8-13).  The  range  of  intermittency  values  determined  for 
several  locations  of  the  baseline  case  are  presented  in  Fig. 
10.  The  large  variation  in  the  outer  boundary  layer  is  appar¬ 
ent.  This  same  procedure  was  repeated  for  each  pressure 
gradient  case  with  similar  resuits  (Figs.  11  and  12).  A  com¬ 
plete  listing  of  all  the  intermittency  and  threshold  values  for 
each  criterion  function  was  documented  by  Keller  (1993). 
The  intermittency  determined  for  each  criterion  function 
from  the  “dual-slope  method”  was  compared  to  the  eyeball 
method  for  verification  and  was  always  within  5  percent.  It  is 
apparent  from  these  results  that  near-wall  intermittency  val¬ 
ues  were  similar  regardless  of  the  criterion  function.  Only  in 
the  outer  boundary  layer  were  significant  differences  ob¬ 
served.  The  results  from  using  the  temperature  based  scheme, 
CF1,  were  consistent  with  the  results  from  the  other  single 
signal  schemes  (CF2  through  CF5)  for  all  cases  investigated. 
No  differences  were  found  using  the  temperature-based  criterion 


Fig.  1 1  Intermittency  variation  for  different  criterion  functions  { K  = 
0.07  x  10*8) 


function  to  support  the  use  of  separate  thermal  intermittency 
factor. 

From  the  results  above  the  criterion  functions  were  di¬ 
vided  into  two  groups,  the  single  signal  schemes  (CF1  through 
CFS)  and  the  correlation  schemes  (CF6  through  CF9).  One 
criterion  function  from  each  group  was  selected  for  further 
investigation.  CF2  was  chosen  from  the  first  group  and  CF6 
from  the  second.  Each  of  these  criterion  functions  showed 
the  greatest  demarcation  between  the  turbulent  and  nontur¬ 
bulent  portion  of  the  flow  for  their  respective  groups.  In 
addition,  these  two  criterion  functions  are  the  ones  most 
commonly  used  by  researchers. 

Best  Criterion  Function.  Several  factors  were  considered 
for  determining  which  criterion  function  is  the  best  choice  for 
use  in  the  transitional  boundary  layer.  These  factors  include: 
(1)  a  sharpness  in  demarcation  between  turbulent  and  non- 
turbulent  portions  of  the  flow,  (2)  a  small  variation  of  thresh¬ 
old  value  throughout  the  transition  region.  (3)  a  low  uncer¬ 
tainty  in  determining  the  threshold  value,  and  (4)  a  low 
sensitivity  of  the  resulted  intermittency  to  the  uncertainty  in 
choosing  the  threshold  value.  A  single  location  in  the  mid¬ 
transition  region  was  selected  for  detailed  comparison  of  the 
two  chosen  criterion  functions.  A  location  from  station  6  for 
v/<5*  =  1.1  was  selected.  For  this  location,  both  criterion 
functions  indicated  an  intermittency  value  of  approximately 
0.5. 
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Fig.  13  Comparison  of  two  criterion  functions  and  corresponding 
intermittency  functions,  T  »  0.5,  yl  5*  =  1.1  (baseline  case) 


A  detailed  view  of  the  two  criterion  functions  and  the 
resultant  intermittency  function  is  shown  in  Fig.  13.  The  raw 
signals  up  to  0.5  seconds  of  Fig.  13  are  previously  shown  in 
Fig.  7.  Both  criterion  functions  are  of  the  same  order  of 
magnitude  within  the  regions  labeled  A-E  in  Fig.  13.  How¬ 
ever,  each  criterion  function  weights  different  areas  within 
each  region  differently.  For  example,  for  region  £,  CF6 
indicates  intense  turbulent  activity  toward  the  end  of  the 
region  with  less  turbulent  activity  toward  the  beginning  of  the 
region.  CF2  indicates  the  turbulent  activity  at  the  beginning 
and  end  of  region  £  is  of  the  same  order  of  intensity.  The 
two  different  criterion  functions  do  not  recognize  turbulence 
equivalently;  inherent  differences  exist.  It  remains  to  deter¬ 
mine  which  criterion  function  more  accurately  represents 
turbulence.  Also  shown  in  Fig.  13  is  an  expanded  view  of 
each  criterion  function  in  order  to  investigate  the  detailed 
structure  between  and  within  each  region.  While  regions 
A-E  are  of  the  same  order  of  magnitude,  the  expanded  views 
show  that  the  areas  between  these  regions  are  not.  CF6  has  a 
much  sharper  demarcation  between  the  turbulent  and  non- 
turbulent  portions.  This  difference  results  in  different  varia- 


Fig.  14  Intermittency  distribution  through  boundary  layer  for  dif¬ 
ferent  criterion  functions  (Rex  =  7.43  x  10s,  baseline  case) 


Fig.  15  Comparison  of  U*  versus  Y *  for  different  criterion  func¬ 
tions  (Rex  =  7.43  x  10  s,  f  =  0.5,  baseline  case) 


tions  of  threshold  value  throughout  the  transition  region  for 
each  criterion  function.  For  CF2,  large  variations  of  the 
threshold  value  occur.  Typically  the  threshold  value  is  the 
smallest  very  close  to  the  wall  and  increases  noniinearly, 
asymptotically  approaching  a  constant  value  near  the  edge  of 
the  boundary  layer.  An  increase  of  500  percent  is  typical.  No 
quantitative  correlation  is  found  to  describe  this  trend.  A 
similar  observation  was  made  by  Kuan  and  Wang  (1989, 
1990)  using  the  same  criterion  function  (CF2).  For  CF6, 
negligible  variation  in  the  threshold  value  occur  in  this  study. 
The  results  from  the  ‘‘dual-slope  method”  consistently  indi¬ 
cate  an  almost  constant  threshold  value  regardless  of  loca¬ 
tion.  Tnis  nature  of  a  nearly  constant  threshold  value  is 
especially  advantageous  in  the  outer  boundary  layer  in  the 
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Fig.  16  Comparison  of  streamwise  Reynolds  normal  stress  for 
different  criterion  functions  (Rex  =  7.43  x  10  s,  f  =  0.5) 


late  transitional  and  turbulent  region  because  the  linear 
slope  representing  the  Gaussian  probability  density  distribu¬ 
tion  of  the  nonturbulent  portion  in  the  dual-slope  diagram 
(Fig.  4)  in  these  regions  becomes  very  short  and  vague.  The 
four  factors  previously  mentioned  for  determining  the  best 
threshold  value  are  best  satisfied  using  the  Reynolds  shear 
stress.  This  indicates  that  the  Reynolds  shear  stress  is  easier 
to  implement  in  transitional  flow  and  more  accurately  indi¬ 
cates  the  turbulent  regions. 

While  the  intermittency  factor  for  the  overall  record  was 
approximately  0.5  for  both  criterion  functions,  the  intermit¬ 
tency  functions  displayed  in  Fig.  13  indicate  that  regions 
identified  as  turbulent  were  not  the  same  for  each  criterion 
function.  For  example,  region  £  is  identified  as  two  turbu¬ 
lent  bursts  using  CF2  but  was  identified  as  two  large  bursts 
with  several  smaller  bursts  using  CF6.  These  smaller  bursts 
are  not  picked  up  as  the  turbulent  portion  when  CF2  is  used. 
Sometimes,  using  the  streamwise  velocity  may  indicate  the 
same  overall  intermittency  factor  as  the  Reynolds  shear  stress 
but  analysis  of  the  turbulent  and  nonturbulent  portions  will 
most  likely  not  yield  the  same  results. 

To  investigate  these  differences  further,  30  points  through 
the  boundary  layer  at  station  6  were  conditionally  sampled 
using  both  criterion  functions.  Figure  14  shows  the  distribu¬ 
tion  of  intermittency  through  the  boundary  layer.  The  dis¬ 
crepancy  in  outer  boundary  layer  intermittency  is  apparent 
for  y/8  >  0.4  with  T  from  CF6  being  consistently  lower  than 
T  from  CF2.  For  y/8  <  0.4  the  intermittency  values  from 
each  criterion  function  are  nearly  identical.  The  conditionally 
sampled  mean  velocity  profiles  for  each  criterion  function  are 
presented  in  U *  versus  Y*  coordinates  and  are  shown  in 
Fig.  15.  Both  criterion  functions  result  in  similar  profiles.  The 
nonturbulent  portions  matched  the  Blasius  profile  while  the 
turbulent  portions  do  not  exhibit  the  logarithmic  law-of-the- 


Fig.  17  Intermittency  distribution  through  boundary  layer  using 
(duv/d r)2,  baseline  case 


Fig.  18  Intermittency  distribution  through  boundary  layer  using 
{duvfdr)2,  K  —  0.07  x  10*6 


wall  re  don.  No  differences  were  discernible  between  the  abilities 
of  each  criterion  function  to  separate  the  mean  velocity .  The 
conditionally  sampled  Reynolds  normal  stresses  are  shown  in 
Fig.  16  where  differences  are  seen  between  the  results  from 
the  two  criterion  functions.  For  CF2,  the  peak  intensity  in 
the  nonturbulent  portion  is  11  percent  while  the  correspond¬ 
ing  peak  intensity  for  CF6  is  9  percent.  Both  peak  intensities 
occur  at  approximately  y/8  —  0.3.  The  turbulent  part  from 
usine  CF6  indicates  higher  values  in  Reynolds  normal  stress 
than~ the  results  from  using  CF2.  Similar  results  are  observed 
for  the  Reynolds  shear  stress,  -  uv/u*~  (not  shown  here). 
The  criterion  function  using  streamwise  mean  velocity  under¬ 
evaluated  the  Reynolds  stresses  in  the  turbulent  portion  and 
overevaluated  them  in  the  nonturbulent  portion. 

Intermittency  Distributions.  Using  CF6  as  the  best  crite¬ 
rion  function,  the  intermittency  distribution  through  the  tran¬ 
sition  rerion  for  each  case  was  determined.  The  results  are 
shown  in~  Figs.  17-20.  The  results  for  a  fully  turbulent  bound¬ 
ary  iaver  obtained  by  Klebanoff  (1954)  are  included  for 
comparison.  The  dashed  lines  in  each  figure  represent  the 
uncertainty  in  determining  the  boundaiy  layer  thickness,  8 . 
The  uncertainty  in  the  mean  streamwise  velocity  for  the 
three-wire  sensor  is  approximately  3  percent,  which  corre¬ 
sponds  to  an  uncertainty  in  8  of  ±  5  percent.  This  variation 
in  5  results  in  a  large  variation  in  T  for  the  fully  turbulent 
profile  near  the  edge  of  the  boundary  layer.  For  the  baseline 
case,  the  intermitrency  distributions  for  stations  8  through  13 
are  seen  to  match  the  fully  turbulent  profile  (within  the 
uncertainty  band).  Station  6  exhibits  a  peak  in  intermittency 
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Fig.  19  Intermittency  distribution  through  boundary  layer  using 
(duvfdr)2,  K  =  0.16  x  10*6 
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Fig.  20  Intermittency  distribution  through  boundary  layer  using 
(duvfdr)2,  K-  0.25  x  10*6 


away  from  the  wall  similar  to  that  reported  by  Kuan  and 
Wang  (1989,  1990),  Sohn-et  al.  (1989),  and  Gostelow  and 
Walker  (1990).  For  the  acceleration  cases  of  K  —  0.07  X  10“6 
and  K  =  0.16  x  10“6  (Figs.  18  and  19,  respectively),  similar 
observations  are  made.  In  the  late  transitional  and  early 
turbulent  regions  intermittency  distributions  match  the  fully 
turbulent  results  of  Klebanoff.  Peak  values  in  intermittency 
for  the  early  to  midtransitional  regions  occur  away  from  the 
wall  at  approximately  y/8  =  0.3  for  all  three  accelerating 
cases.  As  K  increases,  the  length  of  transition  increases,  thus 
allowing  more  stations  to  be  measured  in  the  transition 
region. "For  K  =  0.16  X  10~6  in  Fig.  19,  three  profiles  are 
observed  to  have  intermittency  peaks  away  from  the  wall. 
These  peaks  disappear  approximately  midway  through  the 
transition  region.  Visual  inspection  of  the  instantaneous  cor¬ 
relation  signals  verifies  that  the  frequency  of  breakdown 
increases  to  a  maximum  away  from  the  wall  then  decreases 
toward  zero  in  the  free  stream.  A  similar  observation  was 
made  by  Kuan  and  Wang  (1990).  who  attributed  these  peaks 
to  the  overhang  of  a  typical  turbulent  spot.  Blair  (1992)  did 
not  observe  the  peak  in  his  experiment  in  a  transitional 
boundary  layer  with  a  free-stream  turbulent  of  0.8  percent 
and  K  -  0.2  x  10  “6.  However,  he  reported  observing  a 
near-wall  minimum  and  a  peak  at  about  y/8  ~  0.3  in  the 
intermittency  distribution  in  higher  turbulence  cases  (1.9  and 
2.5  percent).  Mayle  (1991)  pointed  out  the  controversy  on  the 
peak  in  intermittency  distribution  across  the  boundary  layer 
and  attributed  it  to  the  differences  in  the  turbulent  flow 
discrimination  schemes  used  to  determine  intermittency.  As 
early  as  1958,  Dhawan  and  Narasimha  concluded  that  al- 


(a)  (b) 


(e)  (f) 


Fig.  21  Determination  of  xs  and  corresponding  representative  near 
wail  intermittency  in  T  versus  x  coordinates  using  the  value  of  T  at 
different  y/5  locations  as  the  representative  intermittency 


though  the  T(y)  variation  is  probably  important  to  the  de¬ 
tailed  structure  of  the  turbulent  motion  associated  with  the 
turbulent  spots,  the  value  near  the  wail  is  the  characteristic 
property  for  the  transition  region.  These  authors  believe  the 
peak  intermittency  at  about  y/8  =  0.3  in  the  early  to  middle 
transitional  boundary  layer  is  real  and  it  reflects  the  stretch¬ 
ing  of  a  turbulent  spot  away  from  the  wall.  This  vortex 
stretching  is  a  very  important  part  of  the  vortex  dynamics 
during  the  early  transitional  process. 

The  general  appearance  of  the  intermittency  distribution 
across  the  boundary  layer  of  an  accelerated  flow  is  very 
similar  to  that  of  a  nonaccelerated  flow;  however,  a  distinc¬ 
tive  near-wall  minimum  exists  at  about  v/8  =  0.1  for  most  of 
the  stations  even  as  late  as  T  ~  0.9  (Figs.  18  and  19).  The 
intermittency  value  increases  at  a  clear  trend  toward  the  wall 
from  this  minimum,  which  is  not  observed  in  the  baseline 
case  in  Fig.  17.  For  the  strongest  accelerating  case,  K  =  0.25 
x  10” 6,  the  intermittency  distributions  for  stations  8  to  11 
are  almost  identical  (see  Fig.  20).  This  implies  a  strong 
suppression  of  the  growth  of  turbulent  spots.  The  transition 
process  for  this  case  is  not  completed  at  the  exit  of  the  test 
section  of  the  current  facility. 

To  find  the  intermittency  factor,  Hx).  through  the  transi¬ 
tion  region,  the  method  first  developed  by  Dhawan  and 
Narasimha  (1958)  was  used.  Dhawan  and  Narasimha  pro¬ 
posed  a  “universal”  intermittency  distribution  of  the  form 

r(x)  =  1  -  exp[-0.412(x  —  .tj)2/£2] 

where 

£  “  *r-o.75  *”  'Yr-o.zf* 

The  applicability  of  using  this  technique  in  boundary  layer 
flows  subjected  to  pressure  gradients  was  discussed  by 
Narasimha  et  al.  (1984). 

To  determine  the  start  of  transition.  xs ,  the  following 
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procedure  is  taken  following  their  recommendations.  The 
function  y  -  in(l  —  T(jc))  is  plotted  versus  x  and  a  straight 
line  fit  to  the  data  between  0.25  <  T  <  0.75.  The  x  intercept 
is  xs.  An  appropriate  value  of  Hx)  to  represent  the  intermit- 
tency  at  each  x  location  must  still  be  determined  in  light  of 
the  nonuniform  distribution  of  intermittency  across  the 
boundary  layer.  Mayle  (1991)  stated  that  most  researchers 
who  use  anemometers  to  determine  the  intermittency  typi¬ 
cally  chose  the  near-wall  value  to  be  around  y/S  -  0.2.  In 
order  to  look  into  this  issue,  three  locations  were  chosen  for 
the  selection  of  the  representative  intermittency  value,  T(x): 
the  location  of  the  intermittency  peak  (approximately  y/S  * 
0.3),  the  value  at  y/S  *»  0.2  as  suggested  by  Mayle,  and  the 
value  at  the  local  minimum  near  the  wall  (y/S  *  0.1)  for 
using  the  peak  value  of  intermittency  (note:  since  the  flows 
for  K  -  0.25  x  UT*  never  completed  transition  in  the 

present  facility  they  are  excluded  from  further  discussion). 
For  K  -  0.16  X  10“\  only  the  results  for  T(x)  >  0.6  fol¬ 
lowed  a  linear  relation  when  plotted  in  F(F)  versus  x  coordi¬ 
nates.  The  representative  intermittency  distribution  obtained 
from  these  results  are  shown  in  Fig.  21(b).  Too  large  a 
deviation  from  the  universal  distribution  is  observed  for 
K  =  0.16  x  10“6  to  justify  using  the  peak  value  in  T.  This 
procedure  was  repeated  for  the  intermittency  values  obtained 
at  y/S  =  0.2  and  the  results  are  shown  in  Figs.  21(c)  and 
21  (d).  The  representative  intermittency  distribution  still 
shows  a  large  variation  from  the  correlation  of  Dhawan  and 
Narasimha  (1958).  The  results  using  the  values  of  intermit¬ 
tency  obtained  from  the  minimum  near  the  wall  (y/S  ~  0.1) 
are  shown  in  Figs.  21(c)  and  21(/).  For  K  =  0.16  X  10  ~6, 
two  linear  regions  of  different  slopes  are  present  in  the  F(  D 
versus  x  coordinate  similar  to  the  results  of  Narasimha  et  al. 
(1984)  and  Blair  (1992).  Narasimha  (1985)  termed  this  sud¬ 
den  change  in  flow  behavior  “subtransition,”  indicating  the 
flow  charges  from  a  subcritical  to  a  supercritical  state.  The 
near-wall  intermittency  distribution  is  seen  to  match  the 
“universal”  distribution  of  Dhawan  and  Narasimha  with 
slightly  higher  values  for  K  =  0.16  X  10  ~6  in  the  early  transi¬ 
tion  region.  Acharva  (1985)  and  Blair  (1992)  measured  the 
streamwise  distribution  of  boundary  layer  intermittency  for 
flows  with  K  >  0  and  both  reported  a  similar  observation. 
The  results  of  the  near-wall  intermittency  distributions  indi¬ 
cate  that  in  order  to  match  the  correlation  of  Dhawan  and 
Narasimha  (1958),  the  near-wall  value  of  intermittency  at 
y/S  =  0.1  should  be  used  instead  of  at  y/S  ~  0.2  suggested 
by  Mayle  (1991). 

Conclusions 

The  effects  of  different  criterion  functions  on  the  determi¬ 
nation  of  intermittency  were  investigated  for  application  in 
heated  transitional  boundary  layers  with  and  without  stream- 
wise  acceleration.  Nine  separate  criterion  functions  were 
investigated  for  the  zero-pressure  gradient  baseline  case  and 
three  constant  K ,  accelerated  cases.  The  criterion  functions 
were  classified  into  two  general  categories:  single  signal 
schemes,  those  based  in  U ,  V \  and  7,  and  correlation  schemes, 
those  based  on  uu,  it.  or  ut.  For  the  baseline  case,  criterion 
functions  based  on  the  correlation  schemes  resulted  in  inter¬ 
mittency  vaiues  0.14  to  0.38  lower  in  the  outer  boundary  layer 
region  (y/S*  >  4.0)  than  the  values  found  from  the  single 
signal  schemes.  Similar  differences  were  found  for  the  accel¬ 
erated  cases.  No  differences  were  found  using  the  tempera¬ 
ture  based  criterion  function  to  support  the  use  of  a  separate 
thermal  intermittency  factor  in  accelerated  flows. 

Inherent  differences  exist  between  each  criterion  function’s 
turbulence  recognition  capabilities.  Each  criterion  function 
weights  different  areas  within  a  turbulent  burst  differently. 
No  differences  were  discernible  between  the  abilities  of  each 


criterion  function  to  separate  the  mean  velocity;  however,  the 
results  of  using  single-signal  schemes  tended  to  underevalu¬ 
ate  the  Reynolds  stresses  in  the  turbulent  portion  and 
overevaluate  them  in  the  nonturbulent  portion.  A  criterion 
function  based  on  Reynolds  stress,  (duv/dr)1,  resulted  in 
the  sharpest  demarcation  between  turbulent  and  nonturbu¬ 
lent  portions  of  the  flow.  This  criterion  function  also  had  a 
negligible  variation  of  threshold  value  throughout  the  transi¬ 
tion  region  with  the  lowest  uncertainty  in  determining  the 
threshold  value  and  the  lowest  sensitivity  of  the  resultant 
intermittency  to  the  variation  of  the  threshold  value.  These 
results  indicate  that  using  the  Reynolds  shear  stress  for 
turbulent/nonturbulent  discrimination  in  a  heated  transi¬ 
tional  boundary  layer  is  superior  to  a  single  velocity  or 
temperature  scheme.  A  criterion  function  based  on  the 
streamwise  velocity.  (dU/d t)2,  results  in  “near-wall”  inter¬ 
mittency  values  within  5  percent  of  the  values  obtained  from 
using  (duv/dr)1  and  may  be  easier  to  implement  since  only 
a  single-wire  probe  is  required.  However,  this  criterion  func¬ 
tion  has  a  higher  uncertainty  in  determining  the  threshold 
value  and  has  a  higher  sensitivity  of  the  resultant  intermit¬ 
tency  to  the  variation  of  the  threshold  value.  In  addition, 
using  the  streamwise  velocity  may  indicate  the  same  overall 
intermittency  factor  as  the  Reynolds  shear  stress  but  analysis 
of  the  turbulent  and  nonturbulent  portions  would  not  always 
yield  the  same  results. 

Peak  values  in  intermittency  for  the  early  to  midtransi- 
tional  regions  were  found  to  occur  away  from  the  wall  at 
approximately  y/S  *  0.3  for  the  baseline  case  and  three 
accelerated  cases.  A  distinctive  near-wall  minimum  in  inter¬ 
mittency  and  a  clear  trend  of  increasing  values  of  intermit¬ 
tency  toward  the  wall  from  this  minimum  were  observed  for 
the  accelerating  flow  cases.  To  match  the  universal  intermit¬ 
tency  distribution  of  Dhawan  and  Narasimha  (1958),  the 
values  of  intermittency  at  this  near-wall  minimum  y/S  -0.1 
should  be  used  as  the  representative  “near-wall”  values. 

Using  a  digital  time  derivative  is  considered  superior  for 
use  as  a  criterion  function  to  an  ideal  digital  high-pass  filter 
since  no  significant  differences  are  observed  between  the  two 
methods  in  determining  the  probability  densities  of  a  transi¬ 
tional  flow  and  the  derivative  requires  less  computational 
time. 
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INTERMITTENT  FLOW  AND  THERMAL  STRUCTURES  OF  ACCELERATING 
TRANSITIONAL  BOUNDARY  LAYERS,  PART  1:  MEAN  QUANTITIES 
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ABSTRACT 

A  conditional  sampling  technique  was  employed  to  separate 
the  turbulent  and  non-turbulent  parts  of  accelerated  boundary  layers 
undergoing  laminar-turbulent  transition  on  a  uniformly  heated  flat 
plate.  Tests  were  conducted  with  zero  pressure  gradient  and  two 
levels  of  streamwise  acceleration  parameter  K=0.07  xlO^and  0.16 
xl0*6 

The  conditionally  sampled  distribution  of  the  skin  friction 
coefficients  revealed  that  the  values  for  Q  in  the  non-turbulent  and 
turbulent  portions  significantly  deviated  from  the  respective 
laminar  and  turbulent  correlations.  These  deviations  increased  as 
acceleration  increased.  Reconstructing  the  local  average  Cf  values 
using  the  laminar  and  fully  turbulent  correlations  consistently 
overestimated  the  unconditioned  Q  values.  Using  the  conditionally 
sampled  data  for  reconstructing  Cf  values  provided  better  results, 
but  does  not  necessarily  result  in  the  same  unconditioned  Cf  values. 

The  mean  velocity  profiles  from  the  turbulent  portions  had  the 
appearance  of  a  low-Reynolds-number  turbulent  boundary  layer 
with  a  large  wake  region.  In  the  late  transition  region,  as 
acceleration  increased,  the  wake  region  in  the  turbulent  portion  was 
suppressed  relative  to  the  unconditioned  result.  The  integral 
parameters,  5*,  0,  and  shape  factor,  H  were  conditionally  sampled 
and  analyzed. 

NOMENCLATURE 

Cf  -  skin  friction  coefficient,  (p  Uoo2/2) 


H  -  shape  factor,  5*/0 

v  dUoo 

K  -  pressure  gradient  parameter,  - 

u£  4x 

p«f  Reference  pressure  at  Station  1 

*FX  Keller  is  currently  working  at  Accuracy  Microsensors,  Inc. 
Pittsford.  New  York. 


T  -  mean  temperature 

uT  -  friction  velocity,  ^Tw/p 

U  -  mean  velocity 

U+  -  u/uT 

x  -  coordinate  in  streamwise  direction 

xs  -  at  onset  of  transition 

y  -  coordinate  normal  to  the  surface 

Y+  -  yux/v 

Greek 

5  -  boundary  layer  thickness  ai  0.995  U«> 

8*  -  displacement  thickness 

6m  -  turbulent  (or  eddy)  viscosity 
T  -  intermittency  factor 

v  -  kinematic  viscosity 

0  -  momentum  boundary  layer  thickness 

p  -  density 

xw  -  shear  stress  on  the  wall 

oo  -  free-stream  value 

INTRODUCTION 

A  better  understanding  of  momentum  and  thermal  transport 
during  the  laminar-turbulent  transition  process  is  one  of  die  key 
factors  toward  improving  the  prediction  of  the  thermal  load  on  gas 
turbine  blades  (Graham,  1979  and  1984,  Mayle,1991).  Transition 
from  laminar  to  turbulent  boundary  layer  flow  significantly 
increases  the  local  wall  shear  stresses  and  the  convective  heat 
transfer  rates.  These  increases  must  be  appropriately  factored  into 
the  design  of  gas  turbine  blades,  since  as  much  as  50  to  80%  of  the 
surface  of  a  typical  turbine  blade  is  commonly  covered  by  flow 
undergoing  transition  (Turner,  1971).  A  recent  4-part  paper  by 
Halstead,  et  al.  (1995)  specifically  pointed  out,  through  rotating 
multistage  tests,  the  importance  of  laminar-turbulent  transition  in 
axial  compressors  and  turbines.  In  the  newest  heavy-frame 
industrial  H-type  Advanced  Gas  Turbine  Systems  (Fanner  and 
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Fulton,  1995),  adoption  of  closed-loop  steam  cooling  eliminates 
the  need  for  conventional  air  film  cooling  in  the  first  two  stages, 
therefore,  correct  prediction  of  the  laminar-turbulent  transition 
becomes  more  essential.  An  unsatisfactory  prediction  of  the 
location  and  streamwise  coverage  of  transition  on  gas  turbine 
blades  can  resuli  in  other  reduced  longevity  and  reliability  of  the 
blade  or  reduced  engine  performance  below  design  objectives.  For 
example,  Graham  (1979)  shows  that  a  56°  C  error  in  temperature 
prediction  can  result  in  an  order-of-magnitude  decrement  in  vane 
life. 

One  of  the  undeniable  features  in  the  laminar-turbulent 
transition  is  the  intermittent  behavior  between  non-turbulent  and 
turbulent  flows.  Among  many  different  transitional  flow  models, 
the  intermittency  model  (Dhawan  and  Narasimha,  1958)  is  always 
physically  more  realistic  than  any  other  model,  since  the  actual 
transitional  flow  is  intermittent.  For  the  purpose  of  engineering 
practice,  statistical  measurements  of  flow  and  thermal  structures  in 
this  intermittent  heat  flow  play  an  important  role  in  improving 
understanding  of  fundamental  aspects  of  flow  mechanisms,  as  well 
as  contributing  to  the  database  and  methodologies  of  prediction 
models.  In  non-accelerated  flow's,  Kuan  and  Wang  (1990)  and  Kim 
et  al.  (1994)  have  pointed  out  that  the  turbulent  part  of  the 
transitional  flow  is  different  from  the  fully-developed  turbulent 
flow,  and  the  non-turbulent  part  is  not  an  extension  of  the  upstream 
laminar  flow.  Blair  (1992)  investigated  the  intermittent  flow  in 
accelerating  transitional  boundary  layers.  He  concluded  that  the 
turbulence  kinetic  energy  within  the  turbulent  parts  exceeded  fully 
turbulent  boundary'  layer  levels.  He  also  conducted  spectral  analysis 
for  the  turbulent  parts  of  flow'  and  observed  that  the  ratio  of 
dissipation  to  production  increased  through  transition.  Sohn  et  al. 
(1989)  analyzed  conditionally-sampled  transitional  flow  for 
various  FSTI  cases  and  concluded  that  the  transport  processes 
occurring  in  the  turbulent  spots  will  not  be  well  modeled  by 
standard  turbulence  models  used  in  equilibrium  turbulent  boundary 
layers.  Solomon.  Walker,  and  Gostlelow  (1995)  incorporated  the 
linear-combination  method  with  a  calculation  method  that 
continuously  adjusts  the  spot  growth  parameters  in  response  to  the 
changes  in  the  local  pressure  gradient  through  transition.  The 
results  showed  reduced  sensitivity  to  errors  in  predicting  the  onset 
of  transition.  Therefore,  providing  the  information  regarding  the 
individual  flow  and  thermal  characteristics  of  the  non-turbulent  and 
turbulent  parts,  respectively,  of  the  transitional  flows  is 
indispensable  for  the  intermittency  model,  for  example,  the  model 
proposed  by  Steelant  and  Dick  (1996),  and  the  linear-combination 
integral  boundary  layer  method  presented  by  Dey  and  Narasimha 
(1988). 

In  gas  turbine  through-flows,  the  accelerated  boundary  layers 
typically  occur  in  the  transition  pieces  downstream  of  the 
combustor,  near  the  leading  edge  of  the  suction  side  of  the  blades, 
and  near  the  aftbody  of  the  pressure  side  of  the  blades.  The  effects  of 
streamwise  favorable  pressure  gradients  on  the  flow  and  thermal 
structures  of  unconditionally  sampled  transitional  flow  have  been 
reported  by  Keller  and  Wang  (1996).  This  paper  will  present 
conditionally  sampled  results  of  the  same  flows. 

The  objectives  of  this  paper  are  (a)  to  investigate  the 
intermittent  flow'  and  thermal  structures  of  the  transitional 
boundary  layers  (b)  to  study  the  effects  of  streamwise  acceleration 
on  the  intermittent  behavior  of  these  structures  (c)  to  provide  a 
database  for  transitional  flow  modeling,  and  (d)  to  provide 
information  for  future  studies  in  elevated  free-stream  conditions 
(Wang  and  Zhou,  1997). 


EXPERIMENTAL  PROGRAM 

The  detailed  experimental  facility,  instrumentation,  data 
acquisition  and  experimental  procedures  have  been  documented  by 
Wang  et  al.  (1992).  Therefore,  only  a  brief  description  of  the 
experimental  program  will  be  provided. 


Wind  Tunnel.  The  present  study  employed  a  2-D,  open  circuit, 
blowing-type  wind  tunnel,  as  shown  in  Fig.  1.  The  flow  rate  could 
be  adjusted  from  0.5  to  35  m/s.  The  steadiness  of  the  free-stream 
velocity  and  temperature  could  be  maintained,  respectively,  within 
1%  and  0.5  °C  for  a  24-hour  period;  the  uniformity  was  within  0.7% 


and  0.1°C. 
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Fig.  1 .  Wind  Tunnel  Test  Facility 

Test  Section.  The  rectangular  test  section  was  0.15  m  wide,  2.4 
m  long  and  0.92  m  high  with  an  aspect  ratio  of  6.  This  large  aspect 
ratio  reduced  edge  effects  and  ensured  two-dimensionality  of  the 
boundary  layer  flow  in  the  center  span  of  the  test  section.  One  of 
the  test  section  w'alls  served  as  the  test  wall.  The  heat  patch  inside 
the  test  wall  was  constructed  of  a  serpentine  heater  foil  sandwiched 
between  glass  cloth  and  silicon  rubber  sheets.  The  surface 
temperature  was  measured  by  184  76-mm  (3-mil)  E-type 
thermocouples  embedded  between  the  heater  and  the  plexiglass 
surface.  Fourteen  measuring  holes  were  drilled  along  the  center  line 
of  the  outer  observation  wall.  Measurements  were  obtained  by 
traversing  probes  through  the  holes  into  the  test  section.  The 
spacing  between  the  centerline  thermocouples  was  2.54  cm  (1 
inch),  and  the  spacing  between  the  measuring  holes  was  15.24  cm 
(6  inches).  Boundary  layer  suction  was* applied  at  the  leading  edge 
of  the  test  section. 

The  outer  observation  wall  was  manipulated  to  achieve  constant- 
K  flows.  Three  different  cases  were  conducted  in  the  present  study: 
Baseline  (K=0).  K1  ■  0.07xl(T6  and  ip  =  0.l6xl0‘6.  The 
pressure  coefficient  distributions  are  shown  in  Fig.  2.  The  detailed 
geometry  of  the  test  section  was  described  in  Keller  and  Wang 
(1996). 

Instrumentation  and  Data  Reduction.  A  single  hot  wire 
and  a  three- wire  sensor  were  used  in  this  study.  The  single  hot  wire 
was  used  to  measure  each  station  before  using  the  3-wire  sensor. 
Since  the  sinsle  wire  can  measure  very  close  to  the  wall 
(approximately  ~  Y+=  2),  the  results  of  the  single  wire  were  used  to 
guide  the  3-wire  sensor  to  locate  the  wall  position  (y=0)  and  to 
determine  the  skin  friction. 

The  three-wire  sensor  was  specifically  designed  to 
simultaneously  measure  the  two  velocity  components  and  the 


2 


temperature.  Basically,  the  three-wire  sensor  consisted  of  an  X- 
array  of  gold-plated  tungsten  wires  for  measuring  velocities  and  a 
1.2-pm  platinum  wire  for  measuring  temperature.  The  two  X- wires 
were  operated  in  constant  temperature  mode.  The  1.2- pm  platinum 
wire  was  operated  at  a  very  low  current  of  0.1  mA  (cold  wire)  in  the 
constant  current  mode. 


x(m) 

Fig  2.  Free-stream  velocity  and  corresponding  Cp  values  for 
each  case. 

A  TSI  Model  IFA  100  Intelligent  Flow  Analyzer  System  was 
used  as  a  constant  temperature  anemometer.  A  DISA  M20 
temperature  bridge  was  used  for  operating  the  cold  wire  in  the 
constant  current  mode.  A  12-bit  A/D  data  acquisition  board  and  a 
high-speed  data  acquisition  software,  STREAMER,  were  used  to 
acquire  data.  The  sampling  rate  was  2  KHz,  and  the  sampling 
duration  was  20  seconds.  For  more  detailed  description  of  the  3-wire 
sensor,  see  Shome  (1991)  or  Wang  and  Keller  (1996). 

DETERMINATION  OF  SKIN  FRICTION 
COEFFICIENT  AND  WALL  POSITION 

The  skin  friction  coefficient,  Cf,  is  an  important  parameter  for 
characterizing  the  boundary  layers  since  it  changes  significantly 
from  laminar  to  turbulent  through  the  transition  region.  Direct 
measurement  of  Cf  is  difficult,  expensive  and  time  consuming,  not 
suitable  for  the  heated  wall,  and  may  not  be  fast  enough  to  sense  the 
instantaneous  wall  shear  stress  change  of  the  turbulent  spots. 
However,  with  the  information  from  the  mean  velocity  profiles,  the 
following  can  be  indirectly  determined,  based  on  the  nature  of  the 
boundary  layer 

•  In  the  non-turbulent  part,  the  mean  velocity  varies  linearly 
with  distance  from  the  wall  in  the  near-wall  region.  The  values 
of  AU/Ay  from  several  mean  velocity  data  points  close  to  the 
wall  were  measured  by  the  single  wire  and  used  to  approximate 
the  velocity  gradient  at  the  wail  to  calculate  Cf. 

•  In  the  turbulent  part,  the  mean  velocity  gradient  near  the  wall 
is  so  large  that  the  linear  approximation  of  mean  velocity 
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Fig  3.  Intermittency  distributions  through  boundary  layers. 

gradient  near  the  wall  may  lead  to  a  large  error.  The  Clauser 
technique  (Clauser,  1956)  was  used  instead  to  estimate  the 
value  of  Cf  and  the  wall  position  by  the  best  fitting  of  U* 


falling  within  the  log-linear  region.  Some  subjectivity  was 

exercised  to  determine  the  "best  fit*  since  the  slope  of  the 

log-linear  region  varies  as  K  changes. 

CONDITIONAL  SAMPLING  TECHNIQUE 

Conditional  sampling  consists  of  three  primary  stages:  the 
choice  of  a  criterion  function,  the  determination  of  a  threshold 
value,  and  the  generation  of  an  intermiuency  function.  In 
turbulent/non-turbulent  discrimination,  one  commonly  used 
method  for  identifying  a  criterion  function  is  to  differentiate  the 
velocity  signal  with  respect  to  time  and  square  it,  thus  emphasizing 
the  high  frequency  components.  As  pointed  out  by  Keller  and 
Wang  (1995),  performing  the  differentiation  procedure  was  actually 
equivalent  to  conducting  a  digital  high  pass  filtering.  They  also 
indicated  that  using  the  Reynolds  shear  stress,  uv,  as  the  criterion 
function  for  turbulent/non-turbulent  discrimination  in  a  heated 
transitional  boundary  layer  is  superior  to  the  scheme  of  using 
single  velocity  or  temperature  as  the  criterion  function.  They 
indicated  that  using  uv  signals  as  the  criterion  function  possesses 
the  following  merits:  (a)  sharpness  in  demarcation  between  the 
turbulent  and  non-turbulent  portions  of  the  flow,  (b)  small 
variation  of  threshold  values  across  the  boundary  layer  and 
throughout  the  transition  region,  (c)  low  uncertainty  in 
determining  the  threshold  values,  and  (d)  low  sensitivity  of  the 
resultant  intermittency  to  the  uncertainty  in  choosing  the  threshold 
value.  Therefore,  squares  of  the  first  derivatives  of  the  uv  signal 
were  used  in  this  study  as  the  criterion  function. 

From  each  data  reading,  the  criterion  function  was  compared  to 
the  threshold  value.  If  the  value  was  larger  than  the  threshold,  the 
reading  was  considered  turbulent  If  the  value  was  less  than  the 
threshold  and  the  next  three  readings  (i.e.,  hold  rime)  were  also  less 
than  the  threshold,  the  reading  was  considered  non-turbulent  The 
value  of  the  intermittency  function  was  equal  to  1  if  the  flow  was 
turbulent;  the  value  was  0  if  the  flow  was  non-turbulent.  The 
intermittency  distributions  for  each  case  are  shown  in  Fig.  3.  A 
single  intermittency  value  at  about  y/5  =  0.1  was  selected  as  the 
representative  for  each  station.  Keller  and  Wang  (1995)  has  shown 
that  using  near- wall  intermittency  values  at  about  y/5=  0.1  best 
matches  the  universal  intermittency  distribution  (Dhawan  and 
Narasimha,  1958)  in  streamwise  direction.  Representative  velocity 
signals  are  presented  in  the  Appendix. 

The  threshold  value  was  determined  based  on  the  cumulative 
intermittency  distribution  curve  originally  introduced  by  Hedley 
and  Keffer  (1974).  An  improved  "dual-slope"  method  based  on  the 
cumulative  intermittency  distribution  curve  was  developed  by  Kuan 
and  Wang  (1990).  This  curve  represents  the  variation  of  the 
integral  of  the  probability  density  function  (PDF)  as  the  threshold 
value  increases  from  zero.  This  method  uses  a  graphical  approach  to 
find  the  threshold  value  at  each  location.  Based  on  this  method, 
two  straight  lines  of  different  slopes  are  apparent  most  of  the  time 
when  the  cumulative  intermittency  distribution  is  plotted  on  a 
semi-log  coordinate  with  the  threshold  value.  The  different  slopes 
are  caused  by  the  different  characteristics  of  probability  density 
distributions  for  the  turbulent  and  non-turbulent  part,  respectively. 
A  steeper  slope  represents  the  non-turbulent  part,  which  indicates 
smaller  standard  deviation.The  approximate  threshold  value  is  then 
taken  to  be  the  value  corresponding  to  the  intersection  of  the 
straight  lines.  Fine  tuning  can  be  made  to  make  the  overall 
distribution  of  intermittency  factors  smooth.  The  reasoning  behind 
this  method  and  the  detailed  analysis  of  using  nine  different 
criterion  functions  for  conditionally  sampling  the  heated, 
accelerating  flows,  were  discussed  by  Keller  and  Wang(1995).  It 


should  be  noted  that  in  the  "real"  gas  turbine  environment,  the  flow 
is  highly  disturbed  by  periodic  wakes,  a  clear  discrimination 
between  turbulent  patches  and  non-turbulent  parts  becomes 
difficult. 

RESULTS  AND  DISCUSSION 

The  test  conditions  and  the  onset  and  end  of  transition  are 
shown  in  Table  1.  The  unconditionally  sampled  results  were 
previously  analyzed  by  Keller  and  Wang  (1996).  The  measurement 
locations  located  in  the  transitional  region  for  each  case  were 
conditionally  sampled.  Flow  and  thermal  structures  of  four  stations 
for  the  baseline  case,  four  stations  for  the  K1  case,  and  seven 
stations  for  the  K2  case  were  separated  into  turbulent  and  non- 
turbulent  parts. 


Baseline 

Kl=0.07xl0'° 

K2=0.16xl0‘° 

FST1  at 

0.5 

6.4 

0.4 

Ueo  (m/s)  at 

Sta.1  (x  =  18  cm) 

12.24 

12.68 

12.20 

Onset  of 
transition 

x(cm) 

Re$* 

Ree 

68 

5.50  x  105 
1294 

492 

107 

9.46  x10s 
1322 

541 

115 

10.3  x  105 
1233 

544 

End  of 
transition 

x(cm) 

Reg* 

Reg 

137 

11.2  xlO5 
1826 
1302 

168 

15.7  x  105 
1874 

1282 

213 

21.7  x  105 
1880 

1235 

Length  of 
transition 

x(cm) 

Rex 

Reg. 

Reg 

69 

5.70  x  105 
532 

810 

61 

6.24  x  10s 
552 

741 

98 

11.4  x  105 

647 

691 

Table  1.  Test  Conditions  for  the  Baseline  (K=0)  and  Two 
Accelerating  Case 

Skin-Friction  Coefficient.  The  conditionally  sampled 
distributions  of  the  Cf  values  for  the  baseline  case  and  the 
accelerating  cases  are  shown  in  Fig.  4.  The  Cf  values  from  the 
original  unconditioned  results  are  included  for  comparison. 

For  the  baseline  case,  the  non-turbulent  Cf  values  follow  the 

laminar  correlation  up  through  station  06  (T  =  0.50).  Beyond  this 
mid-transition  point,  the  non-turbulent  Cf  values  show  progressive 
deviation  from  the  laminar  correlation.  For  station  08  (T  =  0.98), 
the  last  transitional  station,  the  non-tuxbulent  Cf  value  exceeds  the 
laminar  correlation  by  65%.  For  the  turbulent  portion,  a  reverse 
trend  occurs.  Significant  deviation  from  the  fully  turbulent 
correlation  is  observed  in  the  early  transition  regions  and  the  Cf 
value  approaches  the  fully  turbulent  correlation  as  transition  ends. 
A  similar  observation  was  made  by  Kuan  and  Wang  (1990)  and  Kim 
et  al.  (1994)  for  the  zero-pressure  gradient  flat  plate  case.  Kuan  and 
Wang  reported  that  the  Cf  values  in  the  non-turbulent  portion  were 
significantly  greater  than  the  laminar  correlation  throughout  the 
transition  region,  and  Cf  values  in  the  turbulent  part  were 
approximately  6%  higher  than  the  turbulent  correlation.  For  the 
accelerating  cases  K1  and  K2,  a  similar  trend  is  observed.  The  Cf 
values  follow  the  laminar  values  obtained  from  the  STANS  program 
up  through  T  =  0.37  for  both  cases  and  then  begin  to  deviate.  As 
the  K  value  increases,  the  deviation  from  the  laminar  values  in  the 
late  transition  stage  is  not  as  large  as  is  observed  in  the  baseline 
case.  The  Cf  values  for  the  turbulent  portions  deviate  significantly 
from  the  turbulent  correlation  in  the  early  transition  region  and 


Fig  4.  Comparison  of  the  reconstructured  skin-friction 
coefficient  values  by  using  the  intermittency  model  with  the 
conditionally  sampled  experimental  data  versus  the  values  from 
laminar  and  fulty-turbulent  correlations.  Data  presentation 
starts  at  station  3. 

approach  the  turbulent  correlation  as  the  transition  process 
proceeds.  Also  shown  in  Fig.  4  are  the  results  for  reconstructing 
the  unconditioned  Cf  values  using  the  local  near-wall  intermittency 
with  (a)  the  respective  laminar  and  turbulent  correlations  and  (b)  the 
conditionally  sampled  experimental  data. 

Using  the  laminar  and  turbulent  correlations  to  obtain  a  local 
overall  Cf  value,  as  is  done  in  intermittency  weighted  transitional 
flow  analysis,  consistently  overestimates  the  experimentally 
determined  unconditioned  Cf  values.  This  result  indicates  that  the 
skin  friction  in  the  non-turbulent  and  turbulent  portions  do  not 
behave  as  a  simple  extension  of  laminar  and  folly  turbulent  flow, 
respectively.  Reconstructing  total  Cf  using  the  conditionally 
sampled  experimental  data  provides  better  results  than  using  the 
folly  turbulent  and  laminar  correlations  but  (toes  not  necessarily 
result  in  the  original  unconditioned  Cf  values.  This  is  not 
surprising  since  a  single  representative  near-wall  intermittency  was 
used  in  the  reconstruction  formula  for  each  x4ocation  while  the 
local  T(y)  value,  which  varied  with  y,  was  used  in  separating  the 
velocity  data.  This  result  may  indicate  that  a  single  near-wall 
intermittency  value  may  not  adequately  represent  the  characteristic 
property  for  the  transition  region,  and  that  the  T{y)  variation  may 
play  an  important  role.  Regarding  the  issue  of  F(y)  variation, 
Dhawan  and  Narasimha  (1958)  stated  that  although  the  T(y) 


variation  was  probably  important  to  the  detailed  structure  of  the 
turbulent  motion  associated  with  the  spots,  the  near-wall  value  was 
the  characteristic  property  for  the  transition  region.  Nevertheless, 
with  the  complexity  involved  in  the  transition  flow,  using  a  single 
T  at  each  x-location  to  represent  the  evolution  of  the  transition 
process  is  an  important  first  step  in  transition  modeling.  If  a  single 
T  is  to  be  selected,  Keller  and  Wang  (1995)  suggested  the 
intermittency  value  at  y/8=0.1  would  be  appropriate.  Other 
opinions  about  the  selection  of  a  single  representative 
intermittency  value  were  discussed  by  Professor  M.W.  Johnson  in 
Gostelow  and  Blunders  paper  (1988). 

Integral  Parameters.  A  large  uncertainty  exists  in 
determining  boundary  layer  thickness  and  integral  parameters  for 
the  conditionally  sampled  portions.  For  the  early  transition 
region,  low  intermittencies  provide  very  few  turbulent  values  for 
analysis.  This  results  in  a  large  scatter  of  the  data.  Similarly,  in 
the  late  transition  region,  high  intermittencies  provide  very  few 
non-turbulent  values  for  analysis.  The  largest  uncertainty  occurs  in 
the  turbulent  portions.  As  the  edge  of  the  boundary  layer  is 
approached,  the  intermittency  drops  off  rapidly,  resulting  in  fewer 
turbulent  readings.  This  results  in  a  larger  scatter  in  the  velocity 
profile  in  the  outer  boundary  layer  at  the  turbulent  portion. 
Therefore,  determination  of  the  boundary  layer  thickness, 
displacement  thickness,  and  momentum  thickness  is  more 
uncertain  for  the  turbulent  portion  than  for  the  non-turbulent 
portion.  The  results  for  each  of  the  three  cases  are  shown  in  Fig.  5 
through  7.  For  each  case,  the  displacement  thickness  for  the  non- 
turbulent  portion  exhibits  little  deviation  from  the  unconditioned 
values.  For  the  turbulent  portion,  5*  is  consistently  greater  than 
the  unconditioned  values.  Evaluation  of  the  momentum  thickness 
confirms  that  a  higher  momentum  loss  is  associated  with  the 
turbulent  portion  of  the  flow.  As  K  increases,  significant  deviation 
of  these  parameters,  including  the  shape  factor,  from  the 
unconditioned  data  occurs.  This  raises  further  questions  about  the 
applicability  of  treating  each  portion  in  the  boundary  layer  as  an 
extension  of  their  respective  laminar  and  fully  turbulent 
counterparts. 

Mean  Velocity  and _ Temp.arat.urg _ Profile^  The 

conditionally  sampled  velocity  profiles  for  the  baseline  case  are 
shown  in  Figure  8.  The  velocity  profiles  for  the  non-turbulent  part 
follow  the  Blasius  profile  up  through  station  06.  In  the  late 
transition  region,  stations  07  through  08,  the  non-turbulent 
profiles  follow  the  viscous  sublayer  relation  (U+  =  Y+)  very  well  in 
the  inner  boundary  layer,  up  to  approximately  Y+  =  30,  but  deviate 
from  the  Blasius  profile  in  the  outer  layer.  This  deviation  from  the 
Blasius  profile  apparently  afreets  the  wall  shear  and  explains  why 
the  Cf  values  increasingly  deviate  from  the  laminar  correlation  as 
transition  proceeds.  Kim  et  al.  (1994)  hypothesized  that  this 
higher  stress  at  the  wall  was  due  to  disturbances  in  the  nonturbulent 
region  as  a  result  of  the  passage  of  turbulent  spots.  Transition  at 
the  leading  edge  of  a  turbulent  spot  is  abrupt;  however,  at  the 
trailing  edge  the  flow  slowly  relaxes  back  to  the  non-turbulent 
value  through  the  calmed  region.  For  a  high  intermittency, 
turbulent  spots  pass  frequently  and  the  non-turbulent  portion  is 
continually  disturbed  which  results  in  higher  velocity  gradients 
near  the  wall  thus  increasing  the  skin  friction  above  the  laminar 
value.  Another  phenomenon,  which  is  present  in  the  non-turbulent 
portion  and  may  result  in  a  higher  skin  friction,  is  the 
amplification  of  sinusoidal  oscillations.  Both  of  these  behaviors 
are  observed  in  instantaneous  velocity  traces,  which  exhibit  the 


slow  relaxation  period  (calmed  region)  after  the  passage  of  a 
turbulent  spot  and  the  presence  of  amplified  oscillations  between 
spots.  The  turbulent  profiles  for  stations  06  through  08  have  the 
appearance  of  a  low-Reynolds-number  turbulent  boundary  layer 


Fig.5  Conditionally  sampled  boundary  layer  integral  parameters 
for  the  baseline  case. 


Fig.  6  Conditionally  sampled  boundary  layer  integral  parameters 
for  the  K1  case. 


Fig.  7  Conditionally  sampled  boundary  layer  integral  paramters 
for  the  K 2  case. 


Fig.  8  Conditionally  sampled  mean  velocity  profiles  for  the 
baseline  case  (in  wall  units). 


•  Fig  9.  Conditionally  sampled  mean  velocity  profiles  for  the  K1 
case  (in  wall  units). 
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Fig.  10  Conditionally  sampled  mean  velocity  profiles  for  the  K2 
case. 

with  a  short  linear-log  region  and  a  large  wake  region.  However, 
the  turbulent  profile  of  station  08  exhibits  a  depressed  wake  region. 
A  similar  observation  for  the  mean  velocity  profiles  was  made  by 
Kuan  and  Wang  (1990),  Kim  et  al.  (1994),  ami  Sohn  and  Reshotko 
(1991). 

The  mean  velocity  profiles  for  the  accelerating  case  K1  are 
shown  in  Fig.  9  through  10.  The  results  are  similar  to  those 
observed  for  the  baseline  case.  The  non-turbulent  velocity  profiles 
follow  the  profiles  obtained  from  the  STANS  program  for  the  early 
transition  region,  up  through  T  «  0.37.  In  the  late  transition 
region,  the  non-turbulent  profiles  follow  the  STANS  laminar 
profile  very  well  in  the  inner  boundary  layer,  but  deviate  from  the 
laminar  profile  in  the  outer  layer.  Standard  k-£  turbulence  model 
with  a  correction  of  damping  coefficient  due  to  acceleration 
(Launder  and  Spalding,  1974)  is  used  in  die  STAN5  calculation.  The 
turbulent  profiles  also  have  the  appearance  of  a  low-Reynolds- 
number  turbulent  boundary  layer  with  a  large  wake  region.  In  the 
late  transition  region,  as  K  increases,  the  non-turbulent  portion 
deviates  more  from  the  corresponding  laminar  profile,  and  the 
turbulent  portion  moves  more  close  to  the  folly-turbulent  profile, 
as  can  be  seen  by  comparing  station  9  in  Fig.  9  and  station  12  in 
Fig.  10  both  have  the  same  intermittency  factor,  0.82. 

Conditional  sampling  of  the  mean  temperature  profiles  were 
difficult  to  present  in  T1"  versus  Y+  coordinates.  As  a  turbulent  spot 
passes  over  the  test  surface,  the  surface  temperature  begins  to 
immediately  change,  but  the  thermocouples,  embedded  beneath  the 
test  surfaces,  were  not  able  to  respond  to  the  fast  passing  turbulent 
spots,  which  had  a  duration  from  10  ms  to  50  ms.  Therefore,  the 
conditionally  sampled  mean  temperature  profiles  are  not  presented 
in  this  paper.  However,  the  thermal  structure  in  the  boundary  layer 
will  be  presented  in  Part  2  of  this  paper. 
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CONCLUSION 

A  conditional  sampling  technique  was  employed  to  separate 
the  turbulent  and  non-turbulent  parts  of  accelerated  boundary  layers 
undergoing  laminar-turbulent  transition  on  a  uniformly  heated  flat 
plate.  Tests  were  conducted  with  zero  pressure  mdient  and  two 
levels  of  stream  wise  acceleration:  K  =  0.07  xlO*®  and  0.16  xlO*6. 
The  results  are  summarized  below. 

•  The  values  for  Cf  in  the  non-turbulent  and  turbulent  portions 
significantly  deviated  from  the  respective  laminar  and 
turbulent  correlations-  These  deviations  reduced  as 
acceleration  increased. 

•  Reconstructing  the  local  average  Cf  values  using  the  laminar 
and  fully  turbulent  correlations  consistently  overestimated  the 
experimentally  determined  unconditioned  Cf  values.  Using  the 
conditionally  sampled  data  for  reconstructing  Cf  values 
provided  better  results,  but  does  not  necessarily  result  in  the 
same  unconditioned  Cf  values. 

•  The  mean  velocity  profiles  from  the  turbulent  portions  had  the 
appearance  of  a  low-Reynolds-number  turbulent  boundary  layer 
with  a  large  wake  region.  In  the  late  transition  region,  as 
acceleration  increased,  the  wake  region  in  the  turbulent 
portion  was  suppressed  relative  to  the  unconditioned  result. 

•  For  each  case,  the  displacement  thickness  for  the  non- 
turbulent  portion  exhibited  little  deviation  from  the 
unconditioned  values.  For  the  turbulent  portion,  the 
displacement  was  consistently  greater  than  the  unconditioned 
values. 

•  Evaluation  of  the  conditionally  sampled  momentum  thickness 
confirmed  that  the  higher  loss  of  momentum  in  the  transition 
region  than  the  corresponding  laminar  flow  was  a  direct  result 
of  the  turbulent  portion  of  the  boundary  layer. 
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APPENDIX 

Representative  raw  velocity  traces  at  about  y/8  =  0.1  in  a  duration 
of  0.5  seconds  for  each  transition  stations  are  shown  below. 
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Fig.  A2.  Instantaneous  u  signals  for  the  K1  case  at  y/8  =  0.1 . 


0  0.1  0.2  0.3  0.4  0.5 

t  [s] 


O.l  0.2  0.3  0.4 


0  0.1  0.2  0.3  0.4  0.5 

t  [s] 


Fig.  A1 .  Instantaneous  u  signals  for  the  baseline  case  at 
y/8  =  0.1. 


Fig.  A3.  Instantaneous  u  signals  for  the  K2  case  at  y/8  =  0.1. 
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INTERMITTENT  FLOW  AND  THERMAL  STRUCTURES  OF 
ACCELERATING  TRANSITIONAL  BOUNDARY  LAYERS, 
PART  2:  FLUCTUATION  QUANTITIES 


Ting  Wang  and  F.  Jeffrey  Keller* 

Department  of  Mechanical  Engineering 
Clemson  University 
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ABSTRACT 

The  conditionally  sampled  fluctuation  quantities  of  non- 
accelerating  and  accelerating  heated  transitional  boundary  layers 

were  analyzed.  The  results  indicated  that  the  values  of  u\  v',  uv,  and 

ut  in  the  turbulent  part  of  the  transitional  flow  were  higher  than 
those  values  in  the  fully-developed  turbulent  flow.  These  higher 
values  were  believed  to  be  manifestations  of  the  vigorous  activities 
involved  in  the  transition  process.  The  contributions  to  the 
unconditioned  u’  by  "mean-step”  change  due  to  the  alternating 
behavior  between  turbulent  and  non-turbulent  flows  are  about  20% 
in  the  near-wall  region,  but  are  negligible  for  Y+  >  30.  The 

turbulent  part  uv  values  are  higher  than  the  fully  turbulent  and 
unconditioned  values  in  the  inner  boundary  layer  but  lower  in  the 
outer  boundary  layer.  The  mean-step  change  has  negligible  effect 

on  unconditioned  uv  values.  As  acceleration  increases,  both  u'  and 
t*  in  the  turbulent  part  are  suppressed;  however,  turbulent  part  u’  is 
still  higher  than  the  unconditioned  u\  Acceleration  promotes 

stream  wise  Reynolds  heat  flux  (ut)  transport  in  both  turbulent  and 

non-tufbulent  parts.  A  second  peak  of  the  turbulent  part  ut  occurs  at 
around  Y+  =  120  as  acceleration  increases.  The  turbulent  part  eddy 
viscosity  values  are  much  lower  than  those  in  the  fully  turbulent 
flow. 

NOMENCLATURE 

Cp  -  specific  heat 

v  dUoc 

K  -  pressure  gradient  parameter,  3 - 

U£  dx 

q"w  -  wall  heat  flux 

Re  -  Reynolds  number 

T  -  instantaneous  temperature 

t'  -  rms  value  of  temperature  fluctuations 

u',v'  -  rms  values  of  velocity  fluctuations 

*FJ.  Keller  is  currently  working  at  Accuracy  Microsensors,  Inc. 

Pittsford,  New  York. 
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friction  velocity,  -^tw  /  p 
U/u*j 

Reynolds  shear  stress 
stream  wise  Reynolds  heat  flux 
yux/v 

boundary  layer  thickness  at  0.995  Ue 
turbulent  (or  eddy)  viscosity 
intermittency  factor 
kinematic  viscosity 
density 

shear  stress  on  the  wall 


Subscripts: 

00  -  free-stream  value 

t  -  turbulent 

nt  -  non-turbulent 

INTRODUCTION 

The  results  of  Part  1  provided  conditionally  sampled  mean  values 
in  the  turbulent  and  non-turbulent  parts  in  the  intermittent, 
transitional  boundary  layers.  Part  2  will  focus  on  the  fluctuation 
quantities.  These  fluctuation  quantities  provided  information 
regarding  the  production  of  turbulent  kinetic  energy,  turbulent 
shear  stress  transports,  and  turbulent  heat  flux  transport,  which  are 
necessary  for  modeling  turbulence  and  verifying  CFD  results.  The 
instantaneous  traces  of  velocity  or  turbulence  shear  stress  can  also 
serve  as  an  important  database  for  verifying  the  results  from  direct 
numerical  analysis  (DNS). 

Blair  (1992)  employed  an  ensemble- averaging  technique  to 
analyze  the  turbulent  burst  profiles  of  randomly  passing  turbulent 
patches  in  accelerating  boundaries  with  intense  free-stream 
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turbulence.  He  discovered  that  as  much  as  one-half  of  the 
streamwise-component  unsteadiness,  and  much  of  the  apparent 
anistropy  observed  near  the  wall,  was  not  produced  by  turbulence, 
but  by  the  steps  in  velocity  between  the  turbulent  and  non-turbulent 
zones  of  flow.  His  results  regarding  the  turbulence  kinetic  energy 
indicated  that  the  non-turbulent  part  preserved  the  characteristics  of 
a  highly  disturbed  laminar  boundary  layer  all  the  way  through 
transition. 

The  objectives  of  this  paper  are  to  provide  a  detailed  analysis  of 
the  conditionally  sampled  fluctuation  quantities  in  heated 
transitional  boundary  layers  and  investigate  the  effects  of 
streamwise  acceleration  on  the  development  of  these  fluctuation 
quantities  in  the  transition  process. 

RESULTS  AND  DISCUSSION 

The  effects  of  acceleration  on  the  unconditioned  flow  and 
thermal  structures  have  been  discussed  by  Keller  and  Wang  (1996). 
This  paper  will  focus  on  the  conditionally  sampled  results. 

Streamwise  and  Cross-Stream  Velocity 
Fluctuations  fu*  and  v*l.  For  the  Reynolds  normal  stresses, 
the  unconditioned  values  obtained  in  the  transitional  boundary 
layer  are  a  combination  of  the  non-turbulent  and  turbulent  portions 
plus  the  intermittent  alternation  between  the  non-turbulent  and 
turbulent  mean  values,  as  shown  below. 

u'2  =  ru't2  +  d-r)u'nt2  +  ro-rxu,*  Um)2  d) 

The  first  term  and  second  term  on  the  right  side  of  equation  1 
can  be  directly  obtained  by  conditional  sampling  and  are  termed 
non-turbulent  contribution  and  turbulent  contribution, 
respectively.  The  last  term  can  be  calculated  from  the  conditionally 
sampled  data.  It  is  commonly  referred  to  as  the  “mean-step 
contribution”  and  has  been  speculated  as  the  cause  of  the  peak 
values  of  unconditioned  u‘  found  in  the  transitional  boundary  layer, 
which  exceed  the  peak  values  found  in  a  fully  turbulent  boundary 
layer  (Schubauer  and  Klebanoff,  1956).  The  qualitative  value  of 
this  “mean-step  contribution”  may  be  inferred  by  comparing  the  u’ 
values  obtained  in  the  non-turbulent  and  turbulent  portions  to  the 
unconditioned  result.  Note,  as  previously  discussed,  that  the 
intermittency  drops  off  rapidly  at  the  edge  of  the  boundary  layer 
resulting  in  fewer  turbulent  readings.  Too  few  points  in  this  region 
for  the  turbulent  portion  result  in  a  large  scatter  in  the  data. 
Therefore,  if  the  intermittency  in  the  outer  boundary  layer  region  of 
turbulent  portion  dropped  below  0.005  the  data  were  omitted  from 
presentation.  The  conditionally  sampled  results  of  u’  for  the 
baseline  case  are  shown  in  Fig.  1.  The  non-turbulent  portion 
exhibits  a  peak  intensity  of  7.5%  at  Y+  ~  35  (y/S*  *1.3)  for 
station  05  (T  =  0.05),  which  is  slightly  below  the  8%  peak  value 

for  the  unconditioned  result  which  occurs  at  the  same  Y+  location. 
The  maximum  value  of  u’  in  the  turbulent  part  is  16%  and  is  greater 
than  the  8%  reached  for  the  unconditioned  result,  as  well  as  the  10% 
value  of  the  fully  turbulent  flow  at  station  13  for  the  same  Y+ 
location.  For  station  06  (T  =  0.50)  the  peak  intensity  for  the  non- 
turbulent  portion  increases  to  9.5%.  The  peak  magnitude  for  the 
unconditioned  result  is  16%  at  this  station  and  occurs  closer  to  the 
wall  at  Y+  «  15  (y/S*  —0.3).  The  peak  magnitude  in  u'  for  the 
turbulent  portion  for  station  06  increases  to  18.5%  and  still 
exceeds  the  unconditioned  value.  At  station  6  in  Fig.  1,  the 
individual  contributions  from  turbulent,  non-turbulent,  and  mean- 


Fig.  1  Conditionally  sampled  u'  for  the  baseline  case. 


Fig.  2  Conditionally  sampled  u'  for  the  K1  case. 


step  change  to  the  unconditioned  u1  in  eq.  1  are  64%,  13%,  and  23% 
at  the  3rd  data  point  (Y+  =  14.9);  73%,  23%,  and  4%  at  the  6th 
point  (Y+  -  26.8);  79%,  19%,  and  2.2%  at  the  14th  point  (Y*  = 
58.6).  It  is  clear  that  the  turbulent  part  is  the  major  term.  The  non- 
turbulent  and  mean-step  change  terms  are  minor  terms  that  actually 
pull  down  the  turbulent  part  u’  values.  Therefore,  the  unconditioned 
u*  values  become  lower  than  the  turbulent  part  values.  Tne 
contribution  from  the  mean-step  change  to  (u')2  is  about  23%  and 
about  14%  to  u*  value  in  the  near  wall  region.  This  mean-step 

contribution  drastically  reduces  as  Y+  >  30. 

In  the  late  transition  region,  stations  07  through  08,  the  peak 
intensity  in  the  non-turbulent  part  continues  to  increase  in 
magnitude.  At  station  07  (T  =  0.88)  u'  in  the  turbulent  portion  is 
slightly  below  the  unconditioned  result,  indicating  a  contribution 
from  the  mean-step  alternation.  For  station  08  (F  =  0.98),  the  peal: 
intensity  in  u’  for  the  non-turbulent  portion  exceeds  both  the 
turbulent  and  unconditioned  values  near  the  wall.  Kuan  and  Wang 
(1990)  observed  a  similar  occurrence  in  the  late  transition  region 
and  determined  it  was  a  direct  result  of  large  magnitude  low 
frequency  unsteadiness  (not  turbulence)  in  the  non-turbulent 
intervals  between  the  turbulent  spots.  Sohn  et  al.  (1989)  had  a 
similar  observation.  The  near-wall  peak  of  turbulent  portion 
decreases  in  magnitude  from  station  07  to  station  08.  This  decrease 
of  u'  in  the  late  transition  region  is  most  probably  caused  by  the 


effects  of  viscous  dissipation.  The  conditionally  sampled  results  of 
u'  indicate  that  large  magnitudes  observed  in  the  transition  region 
are  a  direct  result  of  the  turbulent  fluctuations  in  the  turbulent 
portion,  and  the  mean-step  contribution  is  not  a  major  factor. 
Similar  observations  were  made  by  Kuan  et  al.(1989),  Kim  et  al. 
(1989),  Sohn  and  Reshatko  (1991),  and  Blair  (1992).  These  results 
suggest  that  the  level  of  turbulent  activity  indicated  by  the 
unconditioned  values  in  the  transitional  boundary  layer  is  not  an 
accurate  measure  of  the  true  turbulent  activity  and  that  turbulence 
models  using  folly  turbulent  boundary  layers  to  model  the  transport 
processes  occurring  in  the  turbulent  spots  require  correction. 

The  conditionally  sampled  u*  profiles  for  the  accelerating  cases 
are  shown  in  Figs.  2  and  3.  An  interesting  difference  occurs 
between  the  non-turbulent  portions  of  the  accelerating  cases  and 
the  baseline  case.  For  the  baseline  case,  the  peak  magnitude  of  u‘  in 
the  non-turbulent  portion  increases  from  station  05  (T  =  0.05)  up 
through  station  07  (T  =  0.88).  For  the  K1  case,  the  peak  magnitude 
of  u*  in  the  non-turbulent  portion  increases  from  8%  at  station  07 
(T  =  0.02)  to  12.5%  at  station  t)8  (T  =  0.37)  and  then  decreases  to 
10.5%  by  station  09  (T  =  0.82).  For  the  K2  case,  the  non-turbulent 
u*  peak  magnitude  increases  from  7.5%  at  station  07  (T=  0.01,  not 
shown)  to  13%  at  station  08  (T  =  0.07).  The  peak  magnitude  then 
decreases  to  12%  at  station  09,  finally  to  about  9%  at  station  10  (T 
=  0.37)  and  is  maintained  about  9%  to  10%  through  station  13  (T  = 
0.93).  This  evolution  of  the  peak  value  of  u‘  indicates  that  as  K 
increases,  u*  of  the  non-turbulent  portion  is  suppressed  at  an  earlier 
stage.  This  is  consistent  with  the  results  of  Schubauer  and 
Skramstad  (1947)  which  showed  a  favorable  pressure  gradient 
damps  boundary  layer  non-turbulent  oscillations  in  a  pre- 
transitional  boundary  layer  and  may  also  suggest  that  this  damping 
effect  continues  through  the  transition  process. 

The  results  for  u’  in  the  turbulent  portions  are  similar  to  the 
baseline  case.  The  u'  values  are  greater  than  the  unconditioned 
values  in  the  early  transition  region  through  T  =  0.37  for  both  K1 
and  K2  cases.  In  the  late  transition  region  ( T  >  0.6)  the 
unconditioned  values  of  u'  slightly  exceed  the  values  in  the 
turbulent  portion  in  the  near  wall  region  indicating  a  mean-step 
contribution.  This  is  especially  noticed  for  station  12  of  the  K2 
case  shown  in  Fig.  3.  As  with  the  baseline  case,  the  level  of 
turbulent  energy  indicated  by  the  turbulent  portion  in  the 
accelerating  transitional  boundary  layer  is  very  different  from  the 
turbulence  energy  in  the  folly  turbulent  flow. 

The  conditionally  sampled  cross-stream  fluctuations,  v\  for 
the  baseline  case  is  shown  in  Fig.  4.  There  are  two  interesting 
observations.  For  the  non-turbulent  portion,  the  peak  of  v' 
increases  from  approximately  0.6%  at  station  05  (T  =  0.05)  to  1% 
at  station  06  (T  *  0.50)  and  finally  to  2%  at  station  08  (T  =  0.98). 
This  increase  in  v*  as  the  transition  process  develops  is  most  likely 
caused  by  the  presence  of  amplified  oscillations  still  present  in  the 
boundary  layer  and  by  the  relaxation  period  (calm  region)  after  the 
passage  of  a  turbulent  spot,  since  part  of  the  low-frequency 
oscillations  in  the  calm  region  is  grouped  into  the  non-turbulent 
portions.  For  the  turbulent  portion,  the  v'  magnitude  reaches  the 
folly  turbulent  value  by  station  06  (T  =  0.50).  As  transition 
proceeds,  the  location  of  the  peak  magnitude  migrates  closer  to  the 
wall  but  the  absolute  magnitude  of  the  peak  value  changes  very 
little. 

The  conditionally  sampled  v’  profiles  for  the  accelerating 
cases  are  shown  in  Figs.  5  and  6.  The  effect  of  increasing  K  on  v‘  in 


Fig.  3  Conditionally  sampled  u*  for  the  K2  case. 

the  non-turbulent  portion  is  similar  to  the  effect  on  u*  (i.e.,  an 
applied  favorable  pressure  gradient  suppresses  the  velocity 
fluctuations  in  the  non-turbulent  portion  and  that  this  suppression 
is  greater  and  occurs  earlier  in  the  transition  process  as  the  pressure 
gradient  increases).  The  turbulent  portion  of  v'  for  all  three  cases  is 
never  exceeded  by  the  unconditioned  values.  This  is  due  to  the 

mean  value  of  the  cross-stream  velocity,  V,  being  near  zero  for 
both  the  turbulent  and  non-turbulent  portions.  There  is  no 
significant  mean-step  contribution. 

Reynolds  Shear  Stress  (  uv  1.  The  reconstruction  formula 
for  the  Reynolds  shear  stress  is  given  as: 

^  =  Twt  +  (1  -  D^nt  +  HI  -  D(Ut  -  Um)(Vt  -  Vnt)  (2) 

Since  the  results  from  v'  indicate  the  mean-step  between  V  *  and 

V  nt  is  almost  null,  the  last  term  of  equation  2  is  not  expected  to 
have  a  significant  contribution  on  the  overall  Reynolds  shear 
stress.  The  evolution  of  the  conditionally  sampled  Reynolds  shear 

stress,  uv,  for  the  baseline  case  is  shown  in  Fig.  7. 

The  non-turbulent  contribution  to  the  shear  stress  throughout 
the  transition  region  is  relatively  small.  This  shows  the  weak 
correlation  between  the  streamwise  and  cross-stream  velocity 
fluctuations  in  the  non-turbulent  portions.  The  turbulent  portion 
immediately  increases  above  the  wall  shear  and  above  the 
unconditioned  result,  obtaining  a  magnitude  nearly  three  times  the 
wall  shear  at  station  05  (T  =  0.05).  The  peak  magnitude  remains  at 
about  three  times  the  wall  shear  at  station  06  (T  =  0.50)  and  then 
begins  to  decay,  reaching  a  value  of  1  by  station  08  (T  =  0.98). 
This  evolution  of  the  turbulent  shear  indicates  that  the 
unconditioned  values  are  not  representative  of  the  true  turbulent 


Fig.  4  Conditionally-sampled  v'  for  the  baseline  case. 


Fig.  5  Conditionally  sampled  v*  for  the  K1  case. 


Fig.  6  Conditionally  sampled  v'  for  the  K2  case. 


shear  through  the  transition  process.  To  provide  additional  insight 
into  the  turbulent  shear,  the  results  for  the  baseline  case  are 
replotted  in  Hg.  8  but  are  normalized  by  the  individual  Cf  values 
obtained  for  each  portion  (i.e.,  the  turbulent  and  non-turbulent 
values  shown  in  Fig.  4  of  Part  1).  By  presenting  the  Reynolds 
shear  stress  in  this  manner,  the  peak  magnitudes  in  the  turbulent 

portion  are  significantly  reduced.  The  peak  magnitudes  of  uv  in 
the  turbulent  portion  for  stations  05  through  07  still  exceed  the 
wall  shear  but  not  by  the  magnitude  previously  seen  in  Fig.  7.  For 

station  06  (T  =  0.50),  uv  in  the  turbulent  portion  reaches  a 

maximum  of  approximately  1.4  and  occurs  at  Y+  —  100,  not  at  Y+ 
»  40  shown  by  the  unconditioned  portion.  The  trend  of  the 
Reynolds  shear  istribution  in  the  turbulent  portion  for  station  07 
is  similar  to  that  observed  in  station  06  even  though  the 

unconditioned  values  are  not  similar.  Note  that  the  uv/(UT)2  values 
in  the  turbulent  portion  at  station  7  in  Fig.  8  become  lower  than  the 
unconditioned  values  because  the  Cf  values  used  in  the  turbulent 
portion  in  Fig.  8  are  much  higher  than  the  unconditioned  Cf  values 

used  in  Fig.  7.  For  station  07  (T  =  0.88)  the  peak  of  uv  in  the 
turbulent  portion  is  1.3  times  greater  than  the  wall  shear.  This 
supports  the  statement  that  the  turbulent  shear  is  generated  within 
the  turbulent  portion  of  the  flow  and  away  from  the  wall  at 
approximately  Y+=70-100  and  that  the  higher  turbulent  shear  away 
from  the  wall  is  not  due  to  the  mean-step  contribution. 

Fig.  7  provides  information  of  the  absolute  magnitude 

difference  of  uv  between  non-turbulent  and  turbulent  parts  since  a 
constant  value  of  is  used  for  all  three  parts.  Fig.  8  provides 

information  of  normalized  uv  values  relative  to  the  shear  wall 
shear  stress  of  each  part  respectively.  Both  presentation  methods 
are  informative  and  provide  physical  insights  to  the  evolution  of 
turbulence  transports  in  the  transition  process.  However,  limited 
by  the  paper  length,  only  the  second  normalization  method  is  used 
for  the  accelerating  cases  in  this  paper.  The  complete  data 
presentation  can  be  found  in  Keller’s  dissertation  (1993). 

Selected  conditionally  sampled  results  of  the  Reynolds  shear 
stress  for  the  accelerating  cases  normalized  by  the  respective  Cf 
values  of  each  portion  are  shown  in  Figs.  9  and  10.  For  the  K2  case 
(Fig.  10),  comparison  of  uv  between  the  unconditioned  and 
turbulent  portions  between  station  10  (F=0.37)  and  11  (T=0.62) 
reveals  that  the  distribution  of  turbulent-shear  is  more  uniform 


Fig.  7  Conditionally  sampled  Reynolds  shear  stress  for  the 
baseline  case  (normalized  by  unconditioned  Cf). 


®  Fig.  8  Conditionally  sampled  Reynolds  shear  stress  for  the 
baseline  case  (normalized  by  individual  Cf  of  each  portion). 


Fig.  9  Conditionally  sampled  Reynolds  shear  stress  for  the 
K1  case  (normalized  by  individual  Cf  of  each  portion). 


Fig.  10  Conditionally  sampled  Reynolds  shear  stress  for  the 
K2  case  (normalized  by  individual  Cf  of  each  portion). 


through  the  inner  boundary  layer  for  the  turbulent  portion  than  the 
unconditioned  result.  For  example,  in  the  inner  boundary  layer  at 
station  10  (T  =  0.37)  uv  for  the  unconditioned  data  reaches  a 
maximum  value  at  Y+  =  60  and  quickly  decreases  in  magnitude  as 
the  wall  is  approached,  while  uv  in  the  turbulent  portion  remains 
at  a  relatively  constant  value.  In  the  outer  boundary  layer,  for  Y+  > 
50,  uv  for  the  unconditioned  data  rapidly  decreases  to  a  zero 
magnitude  by  Y*  =  200,  whereas  for  the  turbulent  portion,  uv 
slowly  decays  in  magnitude  in  the  outer  boundary  layer.  This 
difference  is  partly  caused  by  the  engulfing  of  the  intermittent 
irrotational  flow  from  the  free  stream.  As  transition  progresses, 

these  differences  become  less  pronounced  and  uv  for  the 
unconditioned  data  and  the  turbulent  portion  are  nearly 
indistinguishable  by  station  13. 

RMS  Temperature  fluctuations  (V).  The  conditionally 
sampled  RMS  temperature  profiles,  normalized  by  Tw-T  ©o  for  the 
baseline  case  are  shown  in  Fig.  1 1  The  profiles  are  similar  to  those 
observed  in  the  uf  profiles  shown  in  Fig.  1.  The  non-turbulent 
portion  exhibits  a  peak  intensity  of  0.045  at  Y+  555  35  (y/5 
»  1.3)  at  station  05  (T  =  0.05)  which  is  slightly  below  the  0.05 
peak  value  for  the  unconditioned  result  which  occurs  at  die  same  Y+ 
location.  For  station  06  (T  as  0.50)  the  peak  intensity  for  the  non- 
turbulent  portion  increases  to  0.075  and  remains  at  Y+  —  35.  The 
peak  magnitude  for  the  unconditioned  result  is  0.12  at  this  station 
and  occurs  closer  to  the  wall  Y*  —  15  (y/5*  —0.3).  In  the  late 
transition  region,  stations  07  through  08,  the  peak  intensity  in  the 
non-turbulent  pan  continues  to  increase  in  magnitude  but  does  not 
migrate  closer  to  die  wall  until  station  08.  For  station  08  ( T  = 
0.98),  the  peak  intensity  in  t\  similar  to  the  result  of  u 1  for  the 
non-turbulent  portion,  exceeds  both  the  turbulent  and 
unconditioned  values  near  the  wall  This  can  be  contributed  by  the 
unsteadiness  (not  turbulence)  of  the  highly-disturbed  non-turbulent 
portion.  For  station  05  (T  as  0.05),  the  maximum  value  of  t'  in  the 
turbulent  part  reaches  0.10  which  is  greater  than  the  0.05  reached  in 
the  unconditioned  part  for  the  same  Y+  location.  For  station  06  (T 
=  0.50),  the  peak  magnitude  in  f  for  the  turbulent  portion  increases 
to  0.15  at  Y+  -  15  (y/5*  «0.3)  and  still  exceeds  the 
unconditioned  value.  At  station  07  ( T  =  0.88)  t'  in  the  turbulent 
portion  for  Y+  <  40  is  slighdy  below  the  unconditioned  result;  this 
indicates  a  contribution  from  the  step  alternation  in  mean 
temperature.  The  near-wall  peak  of  turbulent  portion  decreases  in 
magnitude  from  station  07  to  station  08.  The  secondary  peak  that 
was  seen  to  occur  ai  Y+  —  200  for  the  unconditioned  result  also 
occurs  in  both  the  non-turbulent  and  turbulent  portions.  This 
indicates  that  this  second  peak  is  not  majorly  caused  by  the  mean- 
step  contribution  but  rather  is  a  direct  result  of  the  temperature 
fluctuation. 

The  conditionally  sampled  t’  profiles  for  the  accelerating  cases 
are  shown  in  Figs,  12  and  13.  The  effect  of  a  favorable  pressure 
gradient  is  seen  to  be  most  significant  in  the  non-turbulent 
portion.  For  the  K2  case,  the  broad  peak  in  the  t*  profiles  for  the 
non-turbulent  portion  occurring  at  Y+  —  40  for  station  09, 
continually  increases  in  magnitude.  At  station  (T  =  0.62),  the  peak 

intensity  in  t'  occurs  at  Y+  —  100  and  is  approximately  the  same 
magnitude  as  both  the  turbulent  and  the  unconditioned  value.  By 
station  13  (F  »  0.93)  the  peak  intensity  in  t‘  for  this  region  is 
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Fig.  1 1  Conditionally  sampled  RMS  temperature  for  the 
baseline  case. 


Fig.  12  Conditionally  sampled  RMS  temperature  for  the 
K1  case. 


Fig.  13  Conditonally  sampled  RMS  temperature  for  the 
K2  case. 


greater  than  both  the  turbulent  part  and  the  unconditioned  values. 
This  behavior  did  not  occur  in  the  corresponding  u'  profiles  where 
the  fluctuations  in  the  non-turbulent  portion  never  exceeded  the 
unconditioned  or  the  turbulent  pan  values  in  the  K2  case.  The  exact 
reason  for  this  phenomenon  is  not  clear.  Probably,  this  difference 
is  caused  by  the  fact  that  pressure  gradients  directly  interact  with 
the  momentum  transport  but  not  with  the  thermal  transport 

Revnolds_Heat  Fluxes  (ut).  The  conditionally  sampled 

streamwise  Reynolds  heat  flux,  ut,  for  the  baseline  case  is  shown 
in  Fig.  14.  The  peak  intensity  in  the  non-turbulent  portion  occurs 
at  the  same  cross-stream  location  as  was  observed  in  the  t’  profiles. 
At  station  05  (T  =  0.05)  the  magnitude  of  the  peak  intensity  is 
approximately  3.5.  By  station  06  (T  =  0.50)  this  peak  intensity  in 
uv  increases  to  7.0  and  maintains  this  level  until  station  08  (T  * 
0.98).  For  the  turbulent  portion,  ut  exceeds  the  wall  heat  flux  by 
more  than  a  factor  of  15  at  station  05.  By  station  06  (T  =  0.50) 
this  value  has  increased  to  over  20.  The  large  values  of  convective 

heat  transfer  in  the  streamwise  direction,  ut,  are  a  result  of  the 
turbulent  transport  within  the  turbulent  portions. 

The  conditionally  sampled  results  of  ut  for  the  accelerating 
cases  are  shown  in  figs  15  and  16.  The  results  indicate  that  the 
effect  of  a  favorable  pressure  gradient  is  to  increase  the  convective 

heat  transfer  in  the  streamwise  direction,  ut,  in  both  the  turbulent 
and  non-turbulent  portions  relative  to  the  baseline  case.  The 

presence  of  a  relatively  large  ut  value  in  the  non-turbulent  portion 
does  not  necessarily  indicate  that  a  significant  turbulent  transport 
of  heat  is  occurring  but  only  that  u  and  t  are  correlated  due  to  the 
unsteadiness  of  the  flow.  A  second  peak  around  Y+  «  12.0  appears 
downstream  of  station  11.  The  reason  for  this  second  peak  in 
accelerating  flow  is  not  clear.  The  results  of  the  cross-stream 

Reynolds  heat  flux,  vt,  are  not  presented  here  due  to  a  large 

uncertainty  in  vt  measurements,  as  discussed  by  Wang  et  al. 
(1992). 

Eddy  Viscosity,  The  results  of  the  conditionally  sampled 
eddy  viscosity,  eM,  normalized  by  the  molecular  viscosity  are 
shown  in  figs.  17  and  18.  For  the  baseline  case,  the  values 
obtained  in  the  turbulent  portion  are  larger  than  the  unconditioned 
values  but  are  significantly  below-  the  fully  turbulent  values 
obtained  at  station  13  (see  Fig.  17).  As  K  increases,  both  the 
turbulent  pan  and  the  unconditioned  eM  values  decrease. 

CONCLUSION 

A  conditional  sampling  technique  was  employed  to  analyze  the 
fluctuation  quantities  in  the  turbulent  and  non-turbulent  parts  of 
accelerated  boundary  layers  undergoing  laminar-turbulent  transition 
on  a  uniformly  heated  flat  plate.  The  results  indicated  that  the 
increased  magnitudes  of  the  unconditionally  sampled  u’  and  t’  were 
discovered  to  be  a  direct  result  of  the  fluctuations  in  the  turbulent 
portions.  The  "mean-step"  contribution  to  u'  due  to  the  alternating 
behavior  between  turbulent  and  non-turbulent  flows  were  about  20% 
in  the  near-wall  region  but  were  negligible  for  Y+  >  30.  The  peak 
intensity  of  u'  and  t*  in  the  non-turbulent  portion  was  suppressed  at 
an  earlier  stage,  as  acceleration  increased.  The  peak  magnitude  of 

uv  in  the  turbulent  parts  of  the  accelerating  cases  exceeded  the  wall 
shear  but  not  by  the  magnitude  seen  in  the  baseline  case.  The 
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•  Fig.  14  Conditionalfy  sampled  Reynolds  streamwise  heat 

flux  for  the  baseline  case. 


Fig.  15  Conditionally  sampled  Reynolds  streamwise  heat 
£  flux  for  the  K1  case  On  wall  units). 


Fig.  17  Conditionally  sampled  eddy  viscosity  for  the  baseline 
case. 


Fig.  18  Conditionally  smapled  eddy  viscosity  for  the  K1  case. 

turbulent  part  uv  values  were  higher  than  the  fully  turbulent  and 
unconditioned  values  in  the  inner  boundary  layer  but  lower  in  the 
outer  boundary  layer.  The  "mean-step"  contribution  to 

unconditioned  uv  values  was  negligible.  As  acceleration 

increased,  uv  in  the  turbulent  portion  was  more  uniformly 
distributed  through  the  inner  boundary  layer  than  the  unconditioned 
results. 

In  accelerating  cases,  the  peak  of  v*  of  die  turbulent  portion 
reached  the  fully  turbulent  value  in  the  middle  of  the  transition  at  F 
*  0.5  and  changed  little  downstream.  The  effect  of  acceleration  on 
non-turbulent  portion  v*  is  similar  to  non-turbulent  portion  u'.  The 
unconditionally  sampled  RMS  temperature  fluctuations.  t\  exceeded 
both  die  turbulent  and  non-turbulent  values  throughout  most  of  the 
boundary  layer.  This  indicated  that  a  mean-step  contribution  to  the 
large  unconditioned  t*  values  was  not  negligible.  The  effect  of 
acceleration  on  t*  was  seen  to  be  most  significant  in  the  non- 

turbulent  portion.  The  streamwise  Reynolds  heat  flux  transport,  ut, 
increased  as  acceleration  increased  in  both  turbulent  and  non- 
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turbulent  portions  of  the  boundary  layers.  A  second  peak  of  ut  of 
the  turbulent  part  at  around  y+=120  appeared  as  K  increased. 

For  the  baseline  case,  the  values  of  eddy  viscosity,  obtained  in 
the  turbulent  portion  were  larger  chan  the  unconditionally  sampled 
values  and  were  significantly  below  the  fully  turbulent  values. 
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ABSTRACT 

In  the  elevated  free-stream  turbulence  intensity  (FSTI) 
condition,  the  laminar  flow  is  highly  disturbed.  The  stage  of 
linear-instability  amplification  triggered  by  infinitesimal 
disturbances  is  bypassed.  The  nonlinear  instability, 
triggered  by  finite-amplitude  disturbance,  dominates  in  the 
bypass  transition.  Due  to  the  highly  disturbed  condition  in 
the  laminar  part,  the  turbulent  and  non-turbulent  parts  of  the 
transitional  flow  become  difficult  to  discern.  Because  of 
this,  the  conventional  conditional  sampling  technique 
encounters  difficulty  and  large  uncertainty.  A  modified 
method  using  a  single  slope  on  the  turbulent  part  of  the 
accumulative  probability  diagram  to  determine  the  threshold 
was  made.  This  modified  method  was  convenient  to  apply 
and  was  theoretically  verified.  Use  of  the  turbulence 
transport  behavior,  uv,  as  the  criterion  function  was  found 
superior  to  the  use  of  the  turbulence  energy,  u’,  for 
separating  the  turbulent  and  non-turbulent  signals  in 
elevated  FSTI  conditions.  The  conditionally  sampled  results 
for  FSTI  ranging  from  0.5%  to  6.4%  indicate  that  u,’  v\  t’ 
and  ut  are  high  in  the  non-turbulent  part.  This  is  contrary  to 
the  low  FSTI  cases;  whereas,  uv  and  vt  are  low  in  the 
non-turbulent  part,  which  is  similar  to  the  low  FSTI  cases. 

NOMENCLATURE 

Cf  =  skin-friction  coefficient,  Tw/(pUo©  /2) 

Cp  =  specific  heat,  J/kg-K 

FSTI  =  free-stream  turbulence  intensity 

q"  =  heat  flux,  w/m2 


Re  =  Reynolds  number  =*u©o  x/v 
t  =  instantaneous  temperature  fluctuation  or  time 
f  as  rms  value  of  t 
X  =  mean  temperature 

T+=mean  temperature  in  wall  units, (Tw-T)pCpU*/q"w 
u,  v  =  instantaneous  streamwise  and  cross-stream 
velocity  fluctuations,  m/s 
u*5  v'  =  rms  values  of  u  and  v,  m/s 

u*  s  V  xw/p  5  friction  velocity,  m/s 
U  =  mean  streamwise  velocity,  m/s 
U+=  U/u* 

x  =  streamwise  distance  from  leading  edge,  m 

y  =  distance  away  from  the  wall,  mm 

Y+  =  yu*/v  -  _ 

8  =  boundary  layer  thickness  at  U  =  0. 995U°° 

T  =  intermittency 

A  =  integral  length  scale,  U  +  T) !  u  dT  (m) 

V  =  kinematic  viscosity,  m2/s 
p  =  density,  kg/m3 
t  =  shear  stress,  N/m2 

Subscripts 

w  ss  at  the  wall 
oo  =  in  the  free  stream 

INTRODUCTION 

A  better  understanding  of  momentum  and  thermal 
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transport  during  the  laminar-turbulent  transition  process  is 
one  of  the  key  factors  toward  improving  the  prediction  of 
the  thermal  load  on  gas  turbine  blades  (Graham,  1979  and 
1984,  Mayle,1991).  Transition  from  laminar  to  turbulent 
boundary  layer  flow  significantly  increases  the  local  wall 
shear  stresses  and  the  convective  heat  transfer  rates.  These 
increases  must  be  appropriately  factored  into  the  design  of 
gas  turbine  blades,  since  as  much  as  50%  to  80%  of  the 
surface  of  a  typical  turbine  blade  is  commonly  covered  by 
flow  undergoing  transition.  A  recent  4-part  paper  by 
Halstead,  et  al.  (1995)  specifically  pointed  out  the 
importance  of  laminar-turbulent  transition  in  axial 
compressors  and  turbines  from  rotating  multistage  tests.  In 
the  newest  heavy-frame  industrial  H-type  Advanced  Gas 
Turbine  Systems  (Farmer  and  Fulton,  1995),  the  adoption 
of  closed-loop  steam  cooling  eliminates  the  need  for 
conventional  air  film  cooling  in  the  first  two  stages; 
therefore,  correct  prediction  of  the  laminar-turbulent 
transition  becomes  more  essential.  An  unsatisfactory 
prediction  of  the  location  and  streamwise  coverage  of 
transition  on  gas  turbine  blades  can  result  in  either  reduced 
longevity  and  reliability  of  the  blade  or  reduced  engine 
performance  below  design  objectives.  For  example,  Graham 
(1979)  shows  that  a  56°  C  error  in  temperature  prediction 
can  result  in  an  order-of-magnitude  decrement  in  vane  life. 

In  gas  turbine  environments,  one  of  the  most  important 
factors  affecting  the  transition  process  is  the  elevated  free- 
stream  turbulence  intensity  (FSTI).  In  the  compressors,  the 
FSTI  varies  from  2%  to  4%.  In  the  inlet  of  turbines, 
disturbances  from  the  upstream  combustors  may  cause 
background  FSTI  ranging  from  2  %  to  10%.  In  addition, 
very  high  FSTI  ranging  from  10%  to  20%  is  imposed 
periodically  on  the  blades  by  the  wakes  following  the 
trailing  edges  of  the  vanes.  This  elevated  FSTI  expedites 
the  onset  of  transition  and  shortens  the  length  of  transition. 
Unlike  numerous  fundamental  studies  in  the  low  FSTI  flow, 
detailed  flow  structures  involved  in  the  transition  from  the 
laminar  to  turbulent  flow  in  elevated  FSTI  environments 
have  yet  to  be  investigated.  The  conventionally-recognized 
Emmon’s  turbulent  spot  hairpin  vortices,  and  K  breakdown 
may  not  exist  in  the  elevated  FSTI  conditions;  rather,  some 
kind  of  turbulent  wave  packets  have  been  observed 
intermittently  passing  in  the  disturbed  laminar  boundary 
layer. 

For  the  purpose  of  engineering  practice,  statistical 
measurements  of  flow  and  thermal  structures  play  an 
important  role  in  improving  the  understanding  of  certain 
fundamental  aspects  of  flow  mechanisms,  as  well  as 
contributing  to  the  prediction  models.  One  of  the  undeniable 
features  in  the  laminar-turbulent  transition  in  a  low  free- 
stream  turbulence  flow  is  the  intermittent  behavior  between 
laminar  and  turbulent  flows.  This  intermittent  behavior  also 


appears  in  the  boundary  layer  at  elevated  free-stream 
turbulence,  although  the  delineation  between  the  disturbed 
laminar  (or  non-turbulent)  and  the  turbulent  part  become 
vague.  Among  many  different  transitional  flow  models  for 
predicting  the  skin-friction  coefficients,  surface  heat  transfer 
rate,  and  end  of  transition,  the  intermittency  model  is  always 
physically  more  realistic  than  any  other  models,  since  the 
actual  transitional  flow  is  intermittent. 

In  the  low  FSTI  flows,  Kuan  and  Wang  (1990)  and 
Kim  et  al.  (1994)  have  pointed  out  that  the  non-turbulent 
part  of  the  transitional  flow  is  different  from  the  fully- 
developed  turbulent  flow,  and  the  non-turbulent  part  is  not 
an  extension  of  the  upstream  laminar  flow.  Sohn  et  al. 
(1989)  analyzed  conditionally  sampled  results  for  1%  FSTI 
cases  and  concluded  that  the  transport  processes  occurring  in 
the  turbulent  spots  will  not  be  well  modeled  by  standard 
turbulence  models  used  in  equilibrium  turbulent  boundary 
layers  (Blair  1992).  Therefore,  linear  combination  of  the 
laminar  and  fully-developed  turbulent  flow  characteristics 
using  the  intermittency  function  may  not  be  appropriate.  It 
is  postulated  that  a  similar  situation  occurs  in  the  elevated 
FSTI  conditions.  This  motivates  the  present  study  to  apply 
a  conditional  sampling  technique  to  obtain  the  statistical 
features  of  the  non-turbulent  and  turbulent  part  flow 
respectively  in  the  transitional  flow  under  elevated  FSTT 
conditions  from  3%  to  6.4%.  Since  the  laminar  part  is 
highly  disturbed,  demarcation  between  the  non-turbulent  and 
turbulent  parts  becomes  difficult  This  paper  will  especially 
address  this  issue.  The  results  of  this  paper  are  expected  to 
contribute  to  the  improved  understanding  of  intermittent 
behavior  during  bypass  transition  and  to  provide  a  database 
for  the  bypass  transition  models,  for  example,  by  Steelant 
and  Dick  (1996). 

EXPERIMENTAL  PROGRAM 

The  detailed  experimental  facility,  instrumentation,  data 
acquisition  and  reduction,  and  experimental  procedures  have 
been  documented  in  Wang  et  al.  (1992).  Therefore,  only  a 
brief  description  of  the  experimental  program  will  be 
provided. 

Wind  Tunnel.  The  present  study  employed  a  2-D,  open 
circuit,  blowing-type  wind  tunnel.  The  flow  rate  could  be 
adjusted  from  0.5  to  35  m/s.  The  steadiness  of  the  free- 
stream  velocity  and  temperature  could  be  maintained, 

respectively,  within  1%  and  0.5  for  a  24-hour  period;  the 
uniformity  was  within  0.7%  and  0.1°C 

Test  Section.  The  rectangular  test  section  was  0.15  m 
wide,  2.4  m  long,  and  0.92  m  high  with  an  aspect  ratio  of 
6.  This  large  aspect  ratio  reduced  edge  effects  and  ensured 
two-dimensionality  of  the  boundary  layer  flow  in  the  center 
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span  of  the  test  section.  One  of  the  test  section  walls  served 
as  the  test  wall.  The  heat  patch  inside  the  test  wall  was 
constructed  of  a  serpentine  heater  foil  sandwiched  between 
glass  cloth  and  silicon  rubber  sheets.  The  surface 
temperature  was  measured  by  184  76-pm  (3-mil)  E-type 
thermocouples.  Fourteen  measuring  holes  were  drilled  along 
the  outer  observation  wall  centerline  in  the  test  section,  and 
measurements  were  obtained  by  traversing  probes  through 
the  holes  into  the  test  section.  The  spacing  between  the 
centerline  thermocouples  was  2.54  cm  (1  inch),  and  the 
spacing  between  the  measuring  holes  was  15.24  cm  (6 
inches).  Boundary  layer  suction  was  applied  at  the  leading 
edge  of  the  test  section. 

Turbulence  Generating  Grids — and — FSTI-  The 
background  FSTI  of  the  wind  tunnel  was  about  0.5%.  The 
higher  turbulence  levels  from  3.8%  to  6.4%  in  this  study 
were  generated  by  inserting  various  turbulence-generating 
grids  into  the  wind  tunnel.  The  test  conditions  are  listed  in 
table  1. 


Table  1.  Test  Conditions  at  the  Onset  of 
Transition. 


Cases 

FSTI  (%) 

a 

8 

A(c/m) 

Baseline 

0.5 

13.0 

1.8 

G1 

3.8 

2.10 

2.2 

G2 

5.6 

1.75 

3  j 

G3 

6.4 

1.70 

3.4 

Detailed  information  about  the  free-stream  flow 
characteristics,  including  isotropy  and  power  spectra,  has 
been  documented  by  Zhou  (1993)  and  Zhou  and  Wang 
(1995),  but  is  not  repeated  here. 

Instrumentation  and  Data  Reduction.  A  three-wire 
sensor  were  specifically  designed  to  simultaneously  measure 
the  two  velocities,  the  cross-stream  velocity  components, 
and  the  temperature.  The  development  and  qualification  of 
this  three-wire  sensor  was  described  by  Shome  (1991).  The 
difficulties  obtaining  measurements  encountered  in  elevated 
FSTI  flows  and  the  solutions  to  these  difficulties  were 
previously  discussed  by  Zhou  and  Wang  (1995)  and  are 
briefly  described  below. 

Basically,  the  three-wire  sensor  consisted  of  an  X-array 
of  gold-plated  tungsten  wires  for  measuring  velocities  and  a 
1  7 -jim  platinum  wire  for  measuring  temperature.  The  two 
X-wires  were  operated  in  constant  temperature  mode.  The 
method  of  Chua  and  Antonia  (1990)  was  used  for  correcting 
temperature  contamination  of  the  hot  wires. 

The  1.2-pm  platinum  wire  was  operated  at  a  very  low 
current  of  0.1  mA  (cold  wire)  in  the  constant  current  mode. 


In  order  to  sufficiently  extend  the  length  of  transition  for 
rtetaiipri  measurements  on  the  test  wall,  extremely  low-speed 
flows  down  to  1.7  m/s,  were  provided  for  the  elevated  FSTI 
cases.  At  this  low  speed,  relatively  low  overheat  ratios  for 
the  X-wires  were  required  to  minimize  the  "cross-talk" 
between  the  X-wires  and  the  temperature  sensor.  This 
“cross-talk”  was  primarily  caused  by  the  fluctuating 
radiation  emanating  from  the  hot  wires  to  the  cold  wires. 
The  X-wires  generally  had  better  velocity  sensitivity  at 
higher  overheat  ratios.  As  a  compromise,  an  overheat  ratio 
of  about  12  was  chosen  for  the  X-wires,  which  made  the 
reading  error  of  the  temperature  wire  caused  by  the  adjacent 
hot  wires  negligible.  The  overheat  ratio  of  1.2  was  obtained 
by  gradually  reducing  the  overheat  ratio  from  1.6  to  a  value 
at  which  the  cold  wire  reading  did  not  vary  even  when  the 
hot  wires  were  switched  on  and  off. 

At  low  free-stream  velocities,  it  was  found  that  if  the 

flow  direction  deviates  by  a  small  angle  from  ±45°  to  the 
X-wires,  a  significant  change  in  the  results  for  the  Reynolds 
shear  stress  (uv)  and  the  cross-stream  Reynolds  heat  flux 
(vt)  would  occur.  A  typical  flow  angle  of  1°  can  result  in  a 
15%  error  in  the  uv  and  vt  measurements  at  a  free-stream 
velocity  of  2  m/s.  This  small  flow  angle,  which  can  be 
found  by  assuming  that  the  mean  cross-stream  velocity  (V) 
is  zero  in  the  free  stream,  was  added  to  the  data  reduction 
process.  The  frequency  response  of  the  platinum  wire  was 
tested  to  be  from  4000  to  6000  Hz  for  a  velocity  ranee  of  2 
to  15  m/s.  Therefore,  frequency  compensation  was  deemed 
unnecessary.  The  detailed  frequency  response  test  procedure 
and  qualification  were  discussed  in  Keller  (1993). 

A  single  hot  wire  was  used  to  measure  each  station 
before  using  the  3-wire  sensor.  Since  the  single  wire  can 
measure  very  close  to  the  wall,  (Y+=2).  The  results  of  the 
single  wire  were  used  to  guide  the  3-wire  sensor  to  locale 
wall  position  (Y+=0). 

A  TSI  Model  IFA  100  Intelligent  Flow  Analyzer 
System  was  used  as  a  constant  temperature  anemometer.  A 
DISA  M20  temperature  bridge  was  used  for  operating  the 
cold  wire  in  the  constant  current  mode.  A  12-bit  A/D  data 
acquisition  board  and  a  high-speed  data  acquisition  software, 
STREAMER,  were  used  to  acquire  data.  The  sampling  rate 
was  2  KHz,  and  the  sampling  duration  was  20  seconds. 

DETERMINATION  OF  SKIN  FRICTION 
COEFFICIENT  AND  WALL  POSITION 

The  skin  friction  coefficient  Cf  is  an  important 
parameter  for  characterizing  the  boundary  layers  since  it 
changes  significantly  from  laminar  to  turbulent  through  the 
transition  region.  Direct  measurement  of  Cf  is  difficult, 
expensive,  rime  consuming,  and  not  suitable  for  the  heated 
wall.  However,  with  the  information  of  the  mean  velocity 
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profiles,  k  can  be  indirectly  determined  based  on  the  nature 
of  the  boundary  layer 

•  In  the  laminar  boundary  layer  region,  the  mean  velocity 
varies  linearly  with  distance  from  the  wall  in  the  near- 
wall  region.  The  value  of  AU/Ay  from  several  mean 
velocity  data  points  close  to  the  wail,  measured  by  a 
single  wire,  was  used  to  approximate  the  velocity 
gradient  at  the  wall  to  calculate  Cf.  The  wall  position 

(y=0)  was  determined  by  the  best  fitting  of  U+  falling 
within  the  linear  region  (U*  =  Y+). 

•  In  the  transitional  boundary  layer  region,  the  near-wall 
linear  velocity  profile  was  assumed  valid.  The  same 
method  applied  in  the  laminar  region  was  used  to  find 
the  Cf  values  and  wall  positions. 

•  In  the  turbulent  boundary  layer  region,  the  mean 
velocity  gradient  near  the  wall  is  so  large  that  the  linear 
approximation  of  mean  velocity  gradient  near  the  wall 
may  lead  to  a  large  error.  The  Clauser  technique 
(Clauser,  1956)  was  used  instead  to  estimate  the  value 
of  Cf  and  the  wall  position  by  the  best  fitting  of  U+ 
falling  within  the  log-linear  region. 

CONDITIONAL  SAMPLING  TECHNIQUE 

Conditional  sampling  consists  of  three  primary  stages: 
the  choice  of  a  criterion  function,  the  determination  of  a 
threshold  value,  and  the  generation  of  an  intenmttency 
function.  In  turbulent/non-turbulent  discrimination,  one 
commonly  used  method  of  identifying  a  criterion  function  is 
to  differentiate  the  velocity  signal  with  respect  to  time  and 
square  it,  which  emphasized  the  high  frequency  components. 
As  pointed  out  by  Keller  and  Wang  (1995),  performing  the 
differentiation  procedure  was  actually  conducting  a  digital 
high  path  filtering.  They  also  indicated  that  using  the 
instantaneous  Reynolds  shear  stress,  uv,  as  the  criterion 
function  for  turbulent/non-turbulent  discrimination  in  a 
heated  transitional  boundary  layer  is  superior  to  the  scheme 
of  using  single  velocity  or  temperature  as  the  criterion 
function.  They  indicated  that  using  uv  signals  as  the 
criterion  function  possesses  the  following  merits:  (a) 
sharpness  in  demarcation  between  the  turbulent  and  non- 
turbulent  portions  of  the  flow,  (b)  small  variation  of 
threshold  values  across  the  boundary  layer  and  throughout 
the  transition  region,  (c)  low  uncertainty  in  determining  the 
threshold  values,  and  (d)  low  sensitivity  of  the  resulted 
intennittency  to  the  uncertainty  in  choosing  the  threshold 
value.  Therefore,  squares  of  the  first  derivatives  of  the  uv 
signal  were  used  in  this  study  as  the  criterion  function. 
From  each  data  reading,  the  criterion  function  was  compared 
to  the  threshold  value.  If  the  value  was  larger  than  the 
threshold,  the  reading  was  considerable  turbulent  If  the 


Fig.  la.  Threshold  Value  Determined  by  the  Dual- 
Slope  Method  for  Cases  with  Two  Distinctive  Slopes 
on  the  Cumulative  Intermittency  Distribution  Diagram 


value  was  less  than  the  threshold  and  the  next  three  readings 
(i.e.,  hold  time)  were  also  less  than  the  threshold,  the 
reading  was  considered  non-turbulent.  The  value  of  the 
intennittency  function  was  equal  to  1  if  the  flow  was 
turbulent;  the  value  was  0  if  the  flow  was  non-turbulent 
The  threshold  value  was  determined  based  on  the  cumulative 
intermittency  distribution  curve  originally  introduced  by 
Hedley  and  Keffer  (1974).  An  improved  "dual-slope"  method 
based  on  the  cumulative  intennittency  distribution  curve 
was  developed  by  Kuan  and  Wang  (1990).  This  curve 
represents  the  variation  of  the  integral  of  the  probability 
density  function  (PDF)  as  the  threshold  value  increases  from 
zero.  This  method  uses  a  graphical  approach  to  find  the 
threshold  value  at  each  location.  Based  on  this  method,  two 
straight  lines  of  different  slopes  are  apparent  most  of  the 
time  when  the  cumulative  intermittency  distribution  is 
plotted  on  a  semi-log  coordinate  with  the  threshold  value. 
The  different  slopes  are  caused  by  the  different  characteristics 
of  probablility  density  distributions  for  the  turbulent  and 
non-turbulent  part  respectively.  A  steeper  slope  represents 
the  non-turbulent  part  which  indicated  smaller  standard 
deviation.  The  approximate  threshold  value  is  then  taken  to 
be  the  value  corresponding  to  the  intersection  of  the  straight 
lines  (Fig. la).  The  reasoning  behind  this  method  was 
discussed  by  Keller  and  Wang  (1995).  One  disadvantage  of 
this  method  is  that  sometimes  the  straight  line  of  the 
cumulative  intennittency  distribution  curve  corresponding  to 
the  non-turbulent  portion  is  not  apparent  This  happens 
particularly  in  the  late  transition  region  in  a  low  FSTI  flow 
because  of  the  large  intermittent  factor  and  in  the  high  FSTI 
flows  studied  in  this  paper  and  the  elevated  disturbances  in 
the  non-turbulent  part  of  the  flow.  In  this  study,  a  modified 
method  was  used  to  determine  the  threshold  value  by  only 
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Fig.  1b.  Threshold  Value  Determined  by  the  Modified 
Method  for  Elevated  FST1  Cases  with  Only  One 
Distinctive  Slope 

using  the  slope  of  the  turbulent  portion  of  the  cumulative 
intermittency  distribution  and  is  explained  below. 

When  the  non-turbulent  part  of  the  transition  flow  is 
highly  disturbed,  the  cumulative  intermittency  curve  in  Fig. 
la  becomes  nonlinear  as  shown  in  Fig.  lb  and  a  straight 
line  cannot  be  easily  drawn.  From  this  observation,  one 
might  expect  that  the  intermittent  factor  in  the  transition 
region  could  be  obtained  only  by  investigating  the  straight 
line  corresponding  to  the  turbulent  portion.  Based  on  the 
experimental  data  of  the  present  study,  the  PDF  of  the 
criiftrirm  function  for  the  turbulent  flow  is  close  to 
(l/A)e*s^S  where  "s"  is  the  criterion  function  and  "A"  is 
propotional  to  the  standard  derivation.  For  an  intermittent 
flow,  PDF  can  be  expressed  as: 

p(s)  =  (1  -  r)Pnt(s)  +  r(j-e‘s/ A  j  0) 

where  pnt(s)  is  the  PDF  for  non-turbulent  region  and  T  is 
the  intermittent  factor.  The  cumulative  probability  PDF 
then  can  be  obtained  as: 

P(s)  =  (1  -  D £  Pnt(S)ds  +  r(^£  e“s/Ads)  <2> 

The  fluctuations  of  the  criteria  function  in  the  non -turbulent 
region  are  much  smaller  than  those  in  the  turbulent  region 
since  the  high  frequency  components  have  been  emphasized 
after  the  orginal  signal  was  differentiated.  Therefore,  for  a 

large  value  of  s,  j0Pnt<'S-)ClS  is  very  close  to  1,  but 

j0e*s/Ads  ^  stjjj  a  strong  function  of  s.  Equation  (2)  can 
be  approximated  for  large  values  of  s  as: 


P(s)  =  (1-0  +  T  (-L  f’e-^ds) 

A ™ 

P(s)  =  1  -  re-s/A 
1-P(s)  =  re*s/A 

ln(l  -  P(s))  =  lnT  -  s  /  A  (3) 
l-P(s)  is  the  cumulative  intermittency  function.  Based  on 
equation  (3),  the  cumulative  intermittency  function  plotted 
as  ln(l-P(s))  vs.  s  is  a  straight  line  for  a  large  value  of  s. 
The  intercept  of  this  with  the  vertical  axis  is  the 
intermittent  factor.  Once  the  intermittency  is  determined,  the 
threshold  value  is  obtained  as  shown  in  Fig.lb.Therefore, 
using  a  single  slope  in  the  large  value  region  of  he  criterion 
function  to  find  an  appropriate  threshold  value  is  justified 
and  is  convenient  for  the  situation  when  no  two  distinctive 
slopes  can  be  found,  as  in  the  present  study  of  the  elevated 
FSTI  flows. 

Note  that  one  assumption  made  during  the  derivation  is 
that  the  Auctions  of  the  criterion  function  in  the  non- 
turbulent  portion  are  smaller  than  those  in  the  turbulent 
portion.  In  elevated  FSTI  flows,  the  non-tuibulent  portion 
of  the  streamwise  velocity  fluctuations  are  disturbed  so  the 
high-frequency  unsteadiness  in  die  non-turbulent  part  cannot 
be  easily  seperated  from  the  turbulent  in  the  turbulent 
portion.  However,  the  Reynolds  shear  stress  (uv),  which 
indicated  the  physical  turbulence  transport,  is  much  better 
than  u,  which  is  related  to  the  turbulence  energy,  in 
demarcating  the  difference  between  turbulent  and  non- 
turbulent  parts  of  the  flow,  as  can  be  seen  in  Fig.2. 


Fig  2a.  Representative  Instantaneous  Signals  of  u  and 
(iw)  in  a  Transitional  Boundary  Layer  with  FSTi=6.4%. 


RESULTS  AND  DISCUSSION 

Analysis  has  been  performed  for  cases  with  FSTI  of  3.8%, 
5.5%  and  6.4%,  respectively  at  the  onset  of  transition. 
Limited  to  the  paper  length,  only  the  G3  case  (6.4%)  is 
presented  in  this  paper.  The  baseline  case  used  for 
comparsion  is  documented  in  Wang  et  al.(1996).  The 
unconditionally  sampled  results  of  the  present  study  were 
reported  in  detail  in  Zhou  and  Wang  (1995).  These  above 
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Time  (sec) 

Fig. 2b.  An  Example  of  the  Criterion  Function 
[d(uvyd-t)2  and  Intermittency  Functions 

•  two  papers  will  be  helpful  for  analyzing  the  results  of  the 
present  paper.  The  conditionally  sampled  results  for  FSTI 
cases  of  3.8%  and  5 5%  were  reported  by  Zhou  (1993). 

The  profiles  of  the  intermittency  factor  T(y)  across  the 
boundary  layer  at  different  streamwise  locations  for  the  G3 
cay  are  shown  in  Fig.  3.  The  intermittency  factor  data 

^  directly  obtained  are  relatively  scattered  for  the  high  FSTI 

9  case.  Therefore  a  smoothing  scheme  using  a  moving  average 

of  five  data  points  was  employed.  Only  the  smoothed  results 
are  presented  in  Fig.  3. 

As  shown  in  Fig.  3,  die  intermittency  factor  drops  near 
the  wall  y/8  <  0.1  even  in  the  turbulent  station.  This  trend 
is  different  from  the  baseline  case  where  a  region  of  constant 

•  intermittency  factor  in  the  near-wall  region  was  observed 
(Keller  and  Wang,  1995).  This  near- wall  reduction  of 
intermittency  is  different  from  the  intermittency  factor 
decrease  in  the  outer  boundary  layer  region.  The  reduction  of 
T  in  the  outer  boundary  layer  is  caused  by  the  entrainment 
of  the  irrotational  flow  from  the  free  stream.  The 

_  intermittency  factor  reduction  near  the  wall  may  be  caused 

®  by  the  low  Reynolds  number  effect  in  high  FSTI  cases. 

Recall  that  the  elevated  FSTI  cases  were  conducted  with  low 
free-stream  velocities  in  order  to  obtain  sufficient 
transitional  region  in  the  test  section.  For  the  low  Reynolds 
number  case,  the  viscous  sublayer  based  on  y/8  for  the  same 
Y+  value  becomes  thicker. 

•  The  streamwise  evolution  of  the  peak  value  of  T  of  three 
elevated  FSTI  cases  can  be  presented  by  the  "universal 
intermittencv  distribution,  proposed  by  Dhawan  and 
Narasima  (1958),  within  a  10%  band  (not  shown  here  see 
Zhou  1993). 

.  CONDITIONALLY  SAMPLED  MEAN 

•  VELOCITY  PROFILES 


v  /5 


Fig.  3  Intermittency  Distributions  for  G3  Case 

Plots  of  conditionally  sampled  mean  velocity  profiles 
normalized  by  wall  unit  are  shown  in  Fig.  4  for  the  G3 
case.  Three  profiles:  non-turbulent,  unconditioned  and 
turbulent  parts  of  intermittent  flow,  are  shown  in  each  of 
these  figures  along  with  the  viscous  sublayer  correlation, 
U+=Y+,  and  the  log  law-of-the-wall  curve  for  reference.  The 
non-turbulent  profiles  represent  the  average  of  velocity  data 
obtained  during  time  segments  when  the 
intermittencyfunction  is  zero.  The  turbulent  profiles 
represent  the  U  average  of  velocity  data  obtained  during  time 
segments  when  the  intermittency  function  is  one. 
Individual  Cf  of  each  part(non-turbulent  or  turbulent)  was 
used  to  plot  these  three  profiles.  These  Cf  values  were 
determined  by  using  the  methods  described  earlier  according 
to  non-turbulent,  unconditioned,  and  turbulent  profiles 
respectively. 

For  elevated  FSTI,  as  shown  in  Fig.  4,  the  non- 
turbulent  part  profiles  at  low  F  (Station  3)  agree  well  with 
the  corresponding  low  FSTI  laminar  profiles,  but  start  to 
deviate  at  higher  T  (Stations  5  and  8).  The  turbulent 
partprofiles  do  not  conform  to  the  linear-log  region  until 
T=0.98  (Station  8),  and  no  wake  region  can  be  observed  at 
this  high  FSTI  level.  The  determined  Cf  values  for  the  non- 
turbulent  and  turbulent  parts  are  shown  in  Fig.  5, 
respectively.  Also  shown  in  Fig.  5  are  the  results  for 
reconstructing  the  unconditioned  Cf  values  using  the  local 
near-wall  peak  intermittency  and  a  linear  combination  of  the 
values  obtained  (a)  from  the  experimental  velocity  profiles 
and  (b)  the  corresponding  laminar  and  fully  turbulent 
correlations.  Reconstructed  total  Cf  values  differ  from  the 
experimentally  determined  unconditioned  Cf  values.  This 
result  indicates  that  the  skin  friction  in  the  non-turbulent 
turbulent  portions  does  not  behave  as  the  laminar  and 
turbulent  flow  at  corresponding  Rex,  respectively. 
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Fig.  4.  Conditional  Sampling  Results.  U+  vs.  Y+,  G3 
Case. 

CONDITIONALLY  SAMPLED  FLUCTUATION 
PROFILES 

Conditionally  sampled  streamwise  velocity 
fluctuation  (u'/Uoo)  profiles  at  selected  streamwise  locations 
for  the  G3  case  are  presented  in  Fig.  6.  The  peak  magnitudes 
of  the  non-turbulent  pan  are  about  the  same  as  the 
magnitudes  of  the  turbulent  part.  This  observation  was 
different  from  rhflt  of  the  low  FSTI  cases  of  Kuan  and  Wang 
(1990),  where  the  peak  magnitudes  of  the  turbulent  part  are 
much  higher  than  the  non-mrbulent  part 


Fig.  5.  Conditional  Sampling  Results,  Cf/2  vs.  Rex,  G3 
Case. 

Companion  between  the  mean  velocity  profiles  (Fig.  4)  and 
u’  in  Fig.  6  shows  that  the  non-turbulent  part  is  highly 
disturbed  at  the  elevated  FSTI  case;  even  the  non-turbulent 
mean  velocity  profiles  follow  the  low  FSTI  Blasius  profile. 
The  "step  change"  between  the  mean  turbulent  part  and 
mean  non-tuibulent  part  does  not  have  a  major  contribution 
to  the  overall  unconditioned  u’  in  the  elevated  FSTI  case.  If 
the  step  change  were  significant,  the  magnitude  of  the 
unconditioned  u’  would  have  been  larger  than  the  turbulent 
part  u’. 

Conditionally  sampled  cross-stream  velocity 
fluctuations  (v’/Uoo)  profiles  at  selected  streamwise  locations 
for  the  G3  case  are  presented  in  Fig.  7.  At  low  T  stations 
(e.g.,  station  3),  the  magnitudes  of  vYUeo  for  the 
unconditioned  signals  are  lower  than  those  in  the  turbulent 
part  but  higher  than  those  in  the  non-turbulent  part. 
Athigher  T  stations  (e.g.,  station  8),  the  magnitudes  of 
v'/Uoo  for  the  unconditioned  signal  are  about  the  same  as 
those  in  the  turbulent  part  The  magnitudes  of  v'/Uoo  in  the 
non-turbulent  part  near  the  wall  region  are  always  lower 
than  those  in  the  turbulent  part  These  observations  are 
similar  to  those  at  the  low  FSTI  case,  but  are  different  from 
those  of  the  u'/Uoo  profiles  as  shown  in  Fig.  6.  This  results 
in  a  less  isotropic  feature  of  the  non-turbulent  part  for 
elevated  FSTI  cases.  The  above  observation  also  implies 
that  the  cross-stream  turbulence  energy  in  the  turbulent 
portion  is  actually  higher  than  unconditioned  values.  The 
lower  v'  values  in  the  non-turbulent  portion  are  responsible 
for  bringing  down  the  unconditioned  v’  value.  This  also 
calls  attention  to  cross-stream  transport,  which  is 
undervalued  by  the  unconditioned  results  in  the  elevated 
FSTI  cases. 

Conditionally  sampled  RMS  temperature  (t'/(Tw-T0Q)) 
profiles  for  the  G3  case  are  presented  in  Fig.  8.  The 
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_  Rg.  6.  Conditionally  Sampled  Results,  u'/Uoo  vs.  y  / 8, 
•  G3Case. 

comparisons  of  rms  temperature  magnitudes  in  the  turbulent 
part  and  in  die  non-turbulent  part  are  similar  to  those  of 
u’/Uoo  shown  in  Rg.  6. 

Conditionally  sampled  Reynolds  shear  stresses  (uv) 
®  profiles  are  shown  in  Rg.  9.  Individual  Cf  of  each  part 
(unconditioned,  non-turbulent,  and  turbulent)  was  used  to 
calculate  corresponding  u*  and  for  plotting  each  profile.  As 
shown  in  this  figure,  the  normalized  Reynolds  shear  stresses 
in  the  turbulent  part  are  about  1.8  times  the  wall  shear 
stress  and  have  about  the  same  magnitudes  of  those  in 
^  theuncondidoned  signal,  but  have  much  higher  magnitudes 
of  those  in  the  nomurbulent  part  This  is  similar  to  the  low 


Fig.  7.  Conditional  Sampung  Results,  vVUo©  vs.  y  1 8,  G3 
Case. 

FSTT  cases  in  Wang  and  Keller  (1997),  which  showed  that 
the  turbulent  part  of  uv  was  as  high  as  twice  of  the  wall 
shear  and  was  also  higher  than  the  unconditioned  uv  in  the 
most  part  of  the  transition  flow.  Nevertheless,  the  high 
Reynolds  shear  stress  of  the  turbulent  part  implies  that  even 
u'  and  v1  values  are  high  in  the  non-turbulent  part  in  a 
highly  disturbed  environment;  the  turbulent  transport  is 
dominantly  accomplished  in  the  turbulent  part  during  the 
transitional  process  in  a  highly  disturbed  boundary  layer. 

Conditionally  sampled  streamwise  Reynolds  heat  fluxes 
(ut)  profiles  are  presented  in  Fig.  10.  The  averaged 
unconditioned  wall  heat  fluxes  in  this  figure  were  used  for 
normalizing  the  non-turbulent  part  and  the  turbulent  part. 
Three  differences  from  the  low  FSTI  case  are  observed:  (i) 
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Fig.  8.  Conditionally  Sampled  Results,  t'/(Tw  *  T  <») 
vs  y/5,  G3  Case 


The  turbulent  part  of  ot  is  the  earlier  transition  region 
(T  <  0.6)  is  higher  than  the  nonconditioned  part,  whereas 
the  high  FSH  cases,  both  turbulent  and  unconditioned  parts 
are  of  similiar  magnitudes,  (ii)  The  peak  values  of  the 
turbulent  part  for  the  low  FSTT  case  are  about  15  to  22 
rim  re  of  the  wall  heat  flux,  whereas  they  are  merely  above 
six  times  in  the  high  FSTI  case,  (iii)  The  non-tufbulent  part 

of  ut  in  the  low  FSTI  case  is  insignificant;  whereas,  in  the 

high  FSTI  case,  the  non-turbulent  at  are  as  high  as  the 
turbulent  part,  in  die  near-wall  region.  It  is  not  clear  why 
the  elevated  FSTI  does  not  enhance  the  overall  turbulent 
heat  flux  transport  in  the  streamwise  direction,  but 
augments  the  near-wall  non-turbulent  part  of  heat  flux 
transport. 

Conditionally  sampled  cross-stream  Reynolds  heat 
fluxes  ( vt)  profiles  are  presented  in  Fig.  11.  The  magnitudes 
of  the  normalized  cross-stream  Reynolds  heat  fluxes  in  the 


Fig.  9.  Conditionally  Sampled  Results,  -uv/u*2,  G3 
Case 

turbulent  part  are  higher  than  the  unconditioned  part  and  are 
much  higher  than  those  in  the  non-turburlent  part.  This 
implies  that  the  cross-stream  Reynolds  heat  fluxes,  similar 
to  the  Reynolds  shear  stresses,  are  dominant  in  transporting 
momentum  and  heat  flux  in  elevated  FSTI  cases.  Large  non- 
turbulent  fluctuations,  a  specific  feature  in  high  FSTI 
sitiuations,  do  not  significantly  contribute  to  uv  and  vt, 
but  significantly  contribute  to  u’  and  ut . 

CONCLUSION 

A  modified  conditional  sampling  technique  was  applied 
to  separate  the  turbulent  and  non-turbulent  parts  of  the 
transitional  boundary  layers  subjected  to  elevated  FSTI  from 
3.8%  to  6.4%.  This  modified  method  applied  one  slope  on 
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Fig.lO.Conditionally  Sampled  Results, -Ut/{qWp  Cp} 
G3  Case. 

the  accumulative  probability  diagram  to  determine  threshold 
values.  It  was  convenient  to  apply  and  was  also  theoretically 
verified.  The  results  showed  that  using  the  instantaneous 
Reynolds  stress  signal  (uv)  instead  of  u*  signal  can  enhance 
the  certainty  for  demarcating  the  turbulent  and  non-turbulent 
signals.  This  implies  that  using  the  turbulence  transport 
behavior  was  superior  to  employing  the  turbulence  energy 
for  separating  the  turbulent  and  non-turbulent  signals. 

The  conditionally-sampled  results  showed  that  the  non- 
turbulent  part  was  highly  disturbed  at  elevated  FSTI  cases  as 
could  be  seen  from  the  large  values  of  u\  t‘  and  ut,  which 
were  compatable  to  the  magnitude  of  the  turbulent  part. 
This  was  contrary  to  the  low  FSTI  cases.  On  the  other  hand, 
similar  to  the  low  FSTI  cases,  the  major  turbulence 
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Fig.  11.  Conditionaly  Sampling  Results,  vt  {qVpCp}. 
G3  Case. 

transports  of  momentum  and  heat  fluxes,  i.e.,  uv  and  vt 
were  insignifiranr  in  the  non-turbulent  part.  This  implied 
that  although  the  velocity  trace  of  the  non-turbulent  part 
was  hardly  distinguishable  from  the  turbulent  part  in  a 
highly  disturbed  environment;  the  underlined  flow  and 
thermal  transport  mechanisms  of  the  non-turbulent  part  were 
distinctively  different  from  the  turbulent  part. 
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The  Effects  of  Adverse  Pressure 
Gradients  on  Momentum  and 
Thermal  Structures  in 
Transitional  Boundary  Layers: 
Part  1 — Mean  Quantities 

lence  ranging  from  0.3  to  0.6  percent.  The  acceleration  parameter,  K,  was  kern 

measurements  were  conducted  for  K  values  ranging  from  -0.045 X 10' “to 
*J°  over&e  Urgent  wall  angles.  The  Stanton  numbers  of  the  cases  with  adverse 
ZZlTt  gradie™s.  wer*  neater  than  that  of  the  zero-pressure-gradient  turbulent 
correlation  in  the  low-Reynolds-number  turbulent  flow,  and  the  difference  increased 
as  the  adverse  pressure  gradient  was  increased  The  adverse  pressure  gradient  caused 
earlier  transition  onset  and  shorter  transition  length  based  on  Re  Ref  and  Re  in 

m  slan  friction  as  the  adverse  pressure  gradient  increased  In  the  V+-Y+  coordinates 

t  the  ZTr  PlSUre-  8r<2flenu  a  SignifiCaM  &ect  °n  the  me™  ^city  pile’s 

in  the  near-wall  region  for  the  late-laminar  and  early  transition  stations  The  mean 

th7maZdZPr0file  ^  °bserved  to  Pre“de  the  velocity  profile  in  starting  and  ending 
the  transition  process  opposite  to  what  occurred  in  favorable  pressure  gradient  easel 
m  previous  studies.  A  curve  fit  of  the  turbulent  temperature  profile  in  the  Zlfear 
region  for  rhe  K2case  gave  a  conduction  layer  thickness  ofY*  =  9.8  and  an  average 

C^ig^ZZfed^  ^  °fthe  tUrbUlmt  temPerature  profile 


Introduction 


•  laminar  to  turbulent  flow  causes  an  increase 

m  both  skui  friction  and  convective  heat  transfer.  Accurate  pre¬ 
dictions  of  these  increases  are  important  in  design  considera¬ 
tions:  inaccurate  predictions  can  have  a  serious  effect  on  the 
aerodynamics  of  compressor  and  turbine  blades,  the  reliability 
of  mrbme  vanes  and  blades,  and  the  thermal  efficiency  of  gas 
turbine  systems.  In  order  to  calculate  momentum  losses  and 
blade  heat  transfer,  one  must  be  able  to  predict  boundary  layer 
development  accurately  throughout  transition. 

Transition  can  be  affected  by  a  number  of  parameters,  such 
as  pressure  gradients,  surface  curvature,  ffee-stream  turbulence 
surface  roughness,  and  acoustic  disturbances,  to  name  a  few. 
each  of  these  parameters  can  influence  the  start  and  length 
of  transiuon,  the  flow  characteristics,  and  the  structure  of  the 
transiuonal  boundary  layer.  The  focus  of  this  research  was  to 
suidy  the  isolated  effect  of  adverse  (positive)  pressure  gradients 
on  the  flow  structure  and  heat  transfer  in  a  transitional  boundary 
layer  in  order  to  contribute  to  the  understanding  of  fundamental 
physia  and  to  increase  the  data  base  so  that  future  transition 
modeling  and  computational  predictions  can  be  improved 
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Schubauer  and  Skramstad  (1948)  showed  oscillograms  of 
stream  wise  velocity  fluctuations  on  a  flat  plate  with  a  nonuni- 
fonn  external  velocity  distribution.  Negative  (or  favorable) 
pressure  gradients  appeared  to  damp  out  the  oscillations 
whereas  posiu  ve  ( or  adverse )  pressure  gradients  caused  a  strong 
amplification  and  produced  earlier  transition.  ^ 

Knapp  and  Roache  (1968)  used  a  smoke- visualization  tech¬ 
nique  and  found  that  an  adverse  pressure  gradient  affects  the 
s  ges  of  transition  differently  than-does  a  zero-pressure  gradi¬ 
ent.  Besides  a  change  in  the  development  and  shape  of  the 
vortex  trusses,  the  formation  and  breakdown  of  smoke  wave 
sets  occuired  at  a  higher  rate  than  those  for  the  zero-pressure- 
gradient  case,  with  only  a  short  hesitation  between  wave  sets 
Abu-Ghannam  and  Shaw  (1980)  studied  natural  transition 
on  a  flat  plate  for  turbulence  intensities  of  0.3  to  5  percent  and 
X*  ranging  from  0.06  to  -0.08.  With  their  experimental  data, 
in  addiuon  to  previous  available  data,  a  new  family  of  curves 
was  proposed  for  pressure-gradient  cases  where  the  momentum 
thickness  Reynolds  number  at  the  start  of  transition.  Re.,  is  a 
funcuon  of  X.  and  FSTI.  From  these  curves  it  was  deduced  that 
at  a  given  turbulence  level,  the  effect  of  the  adverse  pressure 
gradient  for  promoting  transition  is  greater  than  the  effect  of 
the  favorable  pressure  gradient  for  retarding  it.  In  addition,  from 
the  plot  of  Re*,  versus  it  can  be  seen  that  the  effect  of  the 
j£.ei?ure  gradients  becomes  less  significant  than  the  effect  of 
FSTI  as  the  turbulence  level  increases,  and  that  small  pressure 
gradients  have  incrementally  more  influence  than  larger  ones 
have  for  low-FSTI  cases.  When  they  plotted  the  intermittency 
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factor  against  a  normalized  transition  length  scale,  i)  (-(x  — 
xs)/(xe  -  x,)),  no  effect  due  to  pressure  gradient  could  be 
detected, 

Tne  effects  of  pressure  gradient  and  free-stream  turbulence 
intensity  on  the  length  of  transition  were  further  studied  by 
Fraser  et  aL  ( 1988 ) .  Their  data  showed  that  while  the  turbulence 
level  remains  constant,  an  increase  in  the  adverse  pressure  gradi¬ 
ent  causes  a  decrease  in  the  transition  length  Reynolds  number. 
In  addition,  they  found  that  when  the  turbulence  level  is  in¬ 
creased  beyond  1.4  percent  the  free-stream  turbulence  becomes 
the  dominant  controlling  parameter.  Fraser  et  aL  also  concluded 
that  neither  the  pressure  gradient  nor  the  turbulence  level  has 
any  significant  influence  on  the  distribution  of  intermitten cv  in 
the  transitional  boundary  layer  flows  tested  where  X*  <  —0.06 
and  FSTI  s  1.45  percent.  Acharya  (1985)  found  phenomena 
similar  to  that  described  by  Fraser  et  al.,  but  up  to  a  higher 
FSTI  value  of  about  3  percent. 

Walker  ( 1989)  developed  a  minimum  transition  length  model 
based  on  a  continuous  breakdown  hypothesis  which  is  similar 
to  forced  transition  and  gives  reasonable  estimates  for  transition 
length  in  adverse  pressure  gradients.  This  transition  length  cor¬ 
relation,  Re^,  —  2.30  Re  14*  represents  the  minimum  transition 
length  that  corresponds  to  the  maximum  adverse  pressure  gradi¬ 
ent  parameter,  X#,  =  —0.082,  for  an  attached  laminar  boundary 
layer  at  transition  inception.  The  actual  transition  length  should 
lie  between  the  values  predicted  by  this  model  and  those  of 
zero-pressure-gradient  correlations. 

Walker  and  Gostelow  (1989)  investigated  the  effects  of  ad¬ 
verse  pressure  gradients  on  the  length  of  boundary  layer  transi¬ 
tion  and  introduced  a  correlation  for  transition  length.  The  ex¬ 
perimental  investigations  were  undertaken  at  an  inlet  free- 
stream  turbulence  intensity  of  0.3  percent  The  results  indicated 
that  Re*  at  the  onset  of  transition  declines  mildly  with  a  slight 
increase  in  the  adverse  pressure  gradient  and  levels  off  to  a 
fairly  constant  value  under  moderately  strong  adverse  pressure 
gradients.  However,  the  end  of  transition  occurred  much  sooner 
when  increasingly  adverse  pressure  gradients  were  applied.  The 
change  in  Re*  at  the  end  of  transition  was  most  noticeable  when 
a  zero-pressure  gradient  was  replaced  by  even  a  weak  adverse 
pressure  gradient  This  observation  is  consistent  with  the  con¬ 
clusions  of  Abu-Ghannam  and  Shaw  (1980). 

Walker  and  Gostelow  (1989)  found  physical  differences  in 
instability  waves  between  zero-  and  adverse  pressure  gradients. 


In  a  zero-pressure  gradient  transition  occurs  randomly  due  to 
the  breakdown  of  laminar  instability  waves  in  sets.  However, 
for  an  adverse  pressure  gradient  Tollmien-Schlichting  waves 
appear  more  regularly,  and  the  flow  steadily  evolves  from  ran¬ 
dom  to  periodic  behavior  as  the  pressure  gradient  becomes  more 
adverse.  The  results  of  Walker  and  Gostelow  (1989)  indicate 
that  the  shape  factor,  H ,  is  close  to  the  local  equilibrium  turbu¬ 
lent  flow  value  at  the  99  percent  intermittency  point  for  the  zero- 
pressure-gradient  case,  but  it  increasingly  exceeds  this  value  as 
the  pressure  gradient  becomes  more  adverse,  which  suggests 
the  possibility  that  the  shape  factor  may  not  be  settled  at  the 
99  percent  intermittency  point 

Gostelow  and  Walker  (1991)  evaluated  their  transitional 
skin-friction  values  by  using  fee  relationship  C/  =  ( 1  —  T)CfJain 
■f  TQjart,-  The  skin-friction  value  at  the  onset  of  transition  was 
determined  in  the  near-wall  region  by  linear  extrapolation  of 
U *  =  Y *%  and  fee  skin-friction  value  at  transition  completion 
was  obtained  by  using  rjp  =  0.0464(i// U*6)0J2SUl/2.  Again, 
the  shape-factor  value  at  fee  end  of  transition  appears  to  stabilize 
only  for  zero  and  low  adverse  pressure  gradients,  with  dHldx 
becoming  increasingly  negative  as  fee  pressure  gradient  be¬ 
comes  more  adverse.  This  means  that  the  shape  factor  continues 
to  decrease  even  after  intermittency  measurements  indicate  tran¬ 
sition  completion.  Thus,  a  linear  combination  of  the  laminar 
and  turbulent  properties  in  proportion  to  the  intermittency,  such 
as  above,  may  be  inappropriate  for  adverse  pressure  gradients. 
Actually,  Kuan  and  Wang  (1990)  pointed  out  that  even  for  flow 
without  a  pressure  gradient,  linearly  combining  the  laminar  and 
turbulent  properties  is  questionable,  since  the  nontufbulent  part 
of  a  transitional  flow  is  highly  disturbed  laminar  flow,  and  the 
turbulent  part  is  not  fully  developed. 

Regarding  heat  transfer  within  the  transition  region,  Sharma 
(1987)  compared  transition  lengths  between  the  thermal  and 
momentum  boundary  layers  and  found  that  for  flows  developing 
under  adverse  pressure  gradients,  the  length  of  transition  for 
the  thermal  boundary  layer  is  shorter  than  that  of  fee  momentum 
boundary  layer.  Sharma  modeled  the  effects  of  both  favorable 
and  adverse  pressure  gradients  on  the  thermal  boundary'  layer 
by  defining  a  new  thermal  intermittency  factor  that  is  a  function 
of  pressure  gradient  and  momentum  thickness  Reynolds  number 
for  both  fee  thermal  and  the  momentum  boundary'  layers.  Al¬ 
though  this  model  gave  improved  estimates  of  the  heat  transfer 
coefficient  on  the  surface  for  adverse  pressure  gradients,  not 


-  Nomenclature  - 

CP  =  specific  heat 
Cf  =  skin  friction 

FSTI  -  free-stream  turbulence  intensity 
=  V(a'2  +  v9i  +  m*'2)/3/&c 
H  «  shape  factor  =  6*/6 
K  =  acceleration  parameter  = 

( v/Ui)/(dOjdx ) 

L  -  length  of  transition 
Pr,  =  turbulent  Prandtl  number 
ql  ”  wall  heat  flux 
Re*  =  local  Reynolds  number 
Re^  =  displacement  thickness  Reynolds 
number  =  UJb*Iv 

Re*  s=  momentum  thickness  Reynolds 
number  =  UJB/v 
St  =  Stanton  number,  Eq.  ( 1 ) 

T  =  instantaneous  temperature  = 

T  +  t 

T  =  mean  temperature 
T~  =  (7Lr  T)GTp(pJC,)lql  = 
VQ/2/St 


U,  V  =  streamwise  and  cross¬ 
stream  instantaneous  veloc- 
hy;C/=pTU,  V  =  P  -f  v 
£7,  P  =  mean  velocity  components 
w,  u,  w  =  instantaneous  velocity  fluc¬ 
tuations 

u\  v\  wf  =  rms  value  of  velocity  fluc¬ 
tuations 

£/«o  =  free-stream  velocity  at  sta¬ 
tion  1 

IT  «  O/Ur  _ 

Ur  =  friction  velocity  =  srjp 
UHSL  =  unheated  starting  length 
x  =  streamwise  distance  from 
leading  edge 

jco  =  unheated  starting  length 
y  =  normal  distance  from  wall 

Y*  =  dimensionless  distance  from 
wall  ss  yUJv 
T  =  intermittency 


6  »  boundary  lSver  thickness  at 
0.995  £/« 

=  displacement  thickness  =  ( 1 

-  D/Ox)dy 

T)  ~  normalized  transition  distance 
*  (x  -  xs)/(xf  -  xs) 

&  ~  momentum  thickness  =  ( Ol 

0.)(i  -  0/0«)4v 

X*  =  pressure  gradient  parameter  = 
(92lv)(dUJdx) 
v  =  kinematic  viscosity 
p  =  density 
r».  =  shear  stress 

Subscripts 

cl  -  conduction  layer 
oc  =  free-stream  value 
e  =  end  of  transition 
s  =  start  of  transition 
w  =  at  the  wall 
lam  -  laminar 
turb,  J  -  turbulent 
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Transactions  of  the  ASME 


much  information  is  available  regarding  heat  transfer  inside 
transitional  boundary  layers  with  an  adverse  pressure  gradient. 
Therefore,  in  addition  to  fluid  mechanics,  detailed  experimental 
investications  of  thermal  transport  are  also  needed  since  the 
Reynolds  analogy  breaks  down  when  pressure  gradients  are 
involved.  This  paper  aims  to  provide  such  information.  The 
results  of  this  study,  conducted  in  low  free-stream  turbulence 
environments,  will  serve  as  the  baseline  cases  for  future  studies 
in  elevated  free-stream  environments,  which  are  closer  to  real 
gas  turbine  conditions. 


Experimental  Program 

The  test  facility  used  an  existing  two-dimensional,  open-cir¬ 
cuit,  blowing-type  wind  tunnel.  A  detailed  description  of  the 
wind  tunnel  and  its  qualification  is  given  by  Kuan  (1987)  and 
Wang  et  al.  (1992  ).  A  heat  exchanger  utilizing  a  continuous 
fresh  supply  of  city  water  was  used  to  keep  the  free-stream 
temperature  uniform  and  steady.  Boundary  layer  suction  was 
applied  at  the  leading  edge  in  order  to  initiate  a  new  boundary 
layer  at  the  leading  edge  of  the  test  section. 

The  test  section  was  0.15  m  wide,  0.92  m  high,  and  2.4  m 
long.  One  0.92  m  x  2.4  m  vertical  face  of  the  test  section  served 
as  the  outer  wall.  This  flexible  lexan  wall  allowed  for  adjustment 
of  the  pressure  stream  wise  gradient  along  the  plate. 

The  opposing  0.92  m  X  2.4  m  face  functioned  as  the  heated 
test  plate.  One  hundred  and  eighty-nine  £-type  thermocouples, 
3  mil  in  diameter,  were  embedded  in  the  0.25-mm  3M-413  tape 
between  the  heater  and  the  lexan  test  wall.  Seventy-four  of  the 
thermocouples  were  located  along  the  streamwise  centerline  of 
the  wall,  and  the  remaining  thermocouples  were  placed  in  cross- 
span  locations.  A  foil  heater  was  used,  custom-designed  such 
that  about  90  percent  of  the  heater  area  was  actively  heated.  A 
detailed  description  of  the  heated  test  wall  was  documented  in 
Wang  et  al.  (1992)  and  Keller  (1993). 

Selection  of  Pressure  Gradient-  A  parameter  to  character¬ 
ize  the  effects  of  the  pressure  gradients  was  sought  to  perform 
the  experiment  The  most  common  parameters  used  in  the  litera¬ 
ture  are: 


£*  dP 

*  =  (Clauser,  1954), 

tw  dx 

X,  =  (Thwaites,  1960), 

v  dx 

A  =  (Pohlhausen,  1921), 


K  = 


v  dx 

v  dC= 
VI  dx 


(Brown  and  Martin,  1976), 


ATw  =  Z.^Ix  (patei  e:  al.,  1968),  and 

p*  =  -X-  (Naravanan  et  al.,  1969). 
put  dx 

The  first  three  parameters  incorporate  the  past  history  of  the 
boundarv  layer  through  the  use  or  6,  or  through  an  integral 
parameter,  such  as  <5*  or  6.  For  experimental  purposes,  obtaining 
constant  0,  X$,  and  A  values  requires  boundary  layer  measure¬ 
ments  that  are  undesirably  time  consuming  during  setup  of  the 
test  section.  The  las:  two  parameters  require  measurement  of 
the  wall  shear  stress,  which  is  aiso  inconvenient.  However, 
the  acceleration  parameter,  sometimes  termed  the  velocity 
gradient  factor,  represents  the  overall  free-stream  flow-field  ef¬ 
fect  while  being  independent  of  the  flow  history  in  the  boundary 
laver.  The  desired  constant  K  value  can  be  simply  obtained  by 
adjusting  the  inlet  velocity  and  the  outer  wall  angle  by  first 


keeping  the  outer  wall  in  a  wedge  configuration  and  then  fine- 
tunine^it  locally  to  accommodate  the  effect  of  the  boundary 
laver  growth.  Therefore,  for  this  study,  the  degrees  of  strength 
of  the  various  pressure  gradients  were  represented  by  the  use 
of  this  acceleration  parameter,  K.  Many  researchers  attempt  to 
relate  the  X*  value  at  transition  onset  to  K  at  transition  onset 
through  X0,  =  Rei  K ,  but  as  pointed  out  by  Zhou  and  Wang 
(1992),  constant  K  and  constant  X*  (Falkner-Skan)  flows  are 
physically  different,  and  comparing  a  corresponding  location 
berween  these  two  flows  based  on  the  strength  of  the  pressure 
gradient  at  the  single  location  in  the  flow  field  requires  caution. 

At  each  wall  configuration,  the  absolute  value  of  XT  can  be 
increased  by  decreasing  the  reference  free-stream  velocity.  The 
K  values  and  free-stream  velocities  were  chosen  so  that  the 
complete  laminar- turbulent  transition  was  located  on  the  test 
wall.  For  the  present  study,  K  ranges  from  -0.045  x  10  "6  to 
-1.44  x  10~6,  and  the  acceleration  parameter  was  set  equal  to 
a  constant  streamwise  value  for  each  test  case. 

Instrumentation.  Two  independent,  computer-controlled 
acquisition  systems  acquired  data  for  both  surface  heat  transfer 
and  boundary  layer  quantities.  One  system  measured  the  test 
plate  thermocouple  data,  and  the  second  system  recorded  mo¬ 
mentum  and  thermal  boundary  layer  values  taken  with  a  thermal 
anemometry  system. 

The  189  thermocouples  used  in  the  surface  heat  transfer  tests 
were  scanned  by  a  Fluke  2205A  Switch  Controller  at  a  rate  of 
one  reading  per  second.  The  average  reading  of  two  consecutive 
scans  was  obtained  for  each  thermocouple. 

A  single  hot-wire  and  a  three-wire  probe  were  used  to  make 
all  boundary  layer  measurements.  A  single  hot-wire  TSI  model 
12185-T1.5  was  operated  in  a  constant-temperature  mode  with 
an  overheat  ratio  of  around  1,8.  This  single-wire  probe  was 
used  for  velocity  measurements  as  close  to  the  test  surface  as 
y*  «  3  for  the  present  study.  These  near-wall  measurements 
are  essential  to  obtaining  skin-friction  coefficients. 

The  three- wire  probe  contained  two  velocity  wires  (2.5-^m. 
platinum-coated  tungsten  wire)  and  one  cold  wire  ( 1.5-/xm  plat¬ 
inum  wire).  The  2.5- pm  wires  were  arranged  to  measure  the 
streamwise  and  cross-stream  velocity  components  in  a  constant- 
temperature  mode  while  the  cold  wire,  which  operated  in  a 
constant  current  mode  with  a  constant  current  of  0.1  mA,  was 
used  to  measure  temperature  variations.  The  three-wire  probe 
was  used  simultaneously  to  measure  velocity  and  temperature 
signals.  Since  adverse  pressure  gradients  reduce  transition 
length,  low  velocities  were  used  in  order  to  “stretch”  the  transi¬ 
tion  region  so  that  more  measurement  stations  (15  cm  apart) 
could  be  located  in  the  transition  region.  The  “cross-talk”  be¬ 
tween  the  hot  and  cold  wires  becomes  amplified  at  low  veloci¬ 
ties,  so  the  velocity  wires  were-compromised  to  operate  with 
low  overheat  ratios  of  around  1.3.  At  this  low  overheat  ratio, 
the  frequency  response  of  the  velocity  sensors  of  the  three-wire 
probe  was  nevertheless  satisfactory  with  a  response  between  5 
and  15  kHz  for  velocities  from  3  to  10  m/s.  The  frequency 
response  for  the  temperature  wire  was  experimentally  deter¬ 
mined  by  Keller  (1993)  to  be  from  4800  to  6400  Hz.  The 
“cross-talk”  (or  heat  contamination)  between  the  cold  and  hot 
wires  was  found  to  be  negligible  by  comparing  the  velocity 
results  obtained  with  and  without  the  cold  wire  in  operation 
and  the  temperature  results  obtained  with  and  without  the  hot 
wires  in  operation.  A  sampling  frequency  of  2  kHz  for  20  sec¬ 
onds  was  used  for  both  the  three- wire  and  single- wire  probes. 
For  future  spectral  analysis  (not  included  in  this  paper),  fre¬ 
quencies  above  1  kHz  were  filtered  so  as  to  prevent  aliasing 
errors.  A  detailed  description  of  this  three-wire  probe  is  docu¬ 
mented  in  Wang  et  al.  ( 1996)  and  Shome  ( 1991).  Two  addi¬ 
tional  x-wires  were  used  for  measuring  u\  w\  and  ww. 
respectively,  in  the  free  stream. 

The  same  data-acquisition  system  was  used  to  obtain  signals 
from  both  the  single  hot-wire  and  the  three-wire  probes.  The 


Journal  of  Turbomachinery 


OCTOBER  1996,  Vol.  118/719 


sensors  were  attached  to  a  probe  holder  which  was  held  by  a 
single-axis,  micrometer-traversing  mechanism  capable  of  mov¬ 
ing  in  0.005-mm  increments.  Two  TSI  EFA-JOO  constant  tem¬ 
perature  bridges  were  used  for  the  hot  wires,  and  a  DISA  con¬ 
stant  current  bridge  was  used  for  the  cold  wire.  A  four-channel 
MetraByte  Simultaneous  Sample  and  Hold  box  (SSH4)  and  a 
DAS-20  A/D  convener  were  used  to  simultaneously  take  sig¬ 
nals  from  the  three  wires. 

Both  fee  single  hot-wire  and  the  three-wire  probe  were  cali¬ 
brated  in  situ  in  the  wind  tunnel  test  section.  The  temperature 
sensor  of  the  three-wire  probe  was  calibrated  by  using  a  heated 
free  jet  in  a  temperature  range  of  10°C  to  50°C  against  a  cali¬ 
brated  £-type  thermocouple.  The  calibration  for  the  thermocou¬ 
ples  in  the  test  plate  was  done  at  four  isothermal  conditions 
(no  wall  heating)  of  different  free -stream  temperatures  with  a 
constant  free-stream  velocity  of  13  m/s.  The  uncertainty  of  the 
calibrated  thermocouples  was  within  ±5  pV  (±  0.08°C). 

Experimental  Procedure.  For  the  surface  heat  transfer 
tests,  two  consecutive  scans  of  all  189  thermocouples  were 
made  for  each  test.  The  results  were  then  averaged  to  reduce 
the  effects  of  any  uncontrollable  random  errors.  Steady  state 
was  assumed  when  the  centerline  Stanton  number  values  varied 
less  than  ±2.0  percent  for  all  measurement  locations. 

The  boundary  layer  measurements  were  made  at  30  locations 
across  the  boundary  layer  for  each  station.  Baseline  tests  (zero- 
pressure  gradient)  of  both  surface  heat  transfer  and  boundary 
layer  measurements  can  be  found  in  Wang  et  aL  (1992,  1996) 
or  Keller  (1993);  these  test  results  will  be  used  for  comparison 
in  this  paper. 


Data  Reduction.  .The  surface  heat  transfer  was  nondimen- 
sionalized  in  terms  of  the  Stanton  number. 


St  * 


p*CPMTw  -  Tm) 


(1) 


The  free-stream  air  properties  and  temperature  were  corrected 
for  both  compressibility  effects  and  humid  air  conditions. 

The  above  wall  heat-flux  term.  qnw ,  was  calculated  based  on 
an  energy  balance  within  the  test  wall.  The  heat  losses  such  as 
upstream  and  downstream  conduction,  <2cond>  radiation  from  the 
test  surface,  and  back  losses,  Qb*ck,  were  subtracted  from 
the  power  input  Q*.  Thus,  the  net  heat  flux  was  determined 
by  ql  A  A  =  2*  ~  2«*>d  -  2*c  ~  2  back,  where  A  A  is  the  area 
defined  by  a  6.45-cm2  (1-in2)  element  centered  around  each 
thermocouple  in  the  test  plate.  The  velocity  used  in  determining 
the  local  Stanton  number  at  each  thermocouple  location  was 
calculated  by  integrating  the  acceleration  parameter,  AT,  which 
was  obtained  from  14  measured  free-stream  velocities  along  the 
test  section.  The  upstream  conduction  loss  near  the  leading  edge 
was  not  corrected,  so  the  uncertainty  is  higher  at  the  leading 
edge. 

Since  no  direct  measurement  of  the  wall  shear  stress  was 
made,  the  skin  friction  was  determined  from  the  shape  of  the 
velocity  profiles  when  plotted  in  terms  of  the  wall  coordinates 


Table  1  Uncertainties  of  mean  quantities  and  integral  parameters 


Parameter 


Uncertainty  (%) 


U 

T  /tw-td 


5.83 

1.23 


6 

e 

H 

Y+ 

U+ 

T+ 


42 

6  2 
7.5 
4.7 

4.7 
3  2 


U*  and  Y".  For  the  laminar  and  turbulent  regions,  the  experi¬ 
mental  velocity  profiles  were  convened  into  wall  units  and  were 
compared  to  the  numerical  results  from  the  STANS  code 
(NASA/Lewis  version ),  which  is  a  two-dimensional  parabolic 
solver  for  boundary  layer  flows.  Using  an  iterative  procedure, 
the  Cf  values  and  the  wall  configuration  (the  distance  between 
the  first  sample  location  and  the  actual  test  wall  surface)  were 
fine-tuned  for  each  profile  until  each  individual  profile  best 
matched  the  STAN5  results  in  the  near-wall  region.  A  mixing 
length  model  with  a  correction  for  van  Driest  damping  coeffi¬ 
cient  for  adverse  pressure  gradients  was  used. 

For  the  transitional  boundary  layer,  the  determination  of  Cf 
is  more  complicated.  One  method  of  determining  C/in  transition 
involves  the  practice  of  superimposing  weighted  laminar  and 
turbulent  skin-friction  values,  but  as  discussed  by  Kuan  and 
Wang  (1990),  this  method  is  at  best  questionable.  A  second 
method  involves  forcing  the  two-dimensional  momentum  inte¬ 
gral  to  close;  however,  Wang  et  al.  (1985)  and  Keller  (1993) 
have  shown  that  this  method  results  in  unreasonable  large  values 
of  Cf  due  to  the  three  dimensionality  of  the  transition  region. 
A  third  method  is  to  assume  that  the  velocity  profile  in  the 
viscous  sublayer  of  a  transitional  flow  still  behaves  like  Couette 
flow.  Based  on  this  assumption,  the  experimental  velocity  pro¬ 
files  were  matched  to  the  inner-wall  (Y+  s5)  correlation,  U * 
=  Y  + ,  by  using  an  iterative  procedure  similar  to  that  used  for 
the  laminar  fiows  to  determine  the  skin  friction  in  the  transi¬ 
tional  flow  regime.  Velocity  data  acquired  by  the  single  hot 
wire  (not  shown  in  this  paper)  were  used  to  determine  Cf  since 
it  could  get  closer  to  the  wall  than  could  the  three-wire  probe. 
However,  the  practice  of  forcing  the  near-wall  mean  velocity 
profiles  to  match  the  U~  =  F*  curve  in  the  transition  region  is 
not  appropriate  in  early  transition  for  adverse  pressure-gradient 
flows  due  to  the  counteracting  behavior  between  adverse  pres¬ 
sure  gradients  and  transition  on  the  velocity  profiles  for  Y+  < 
10,  as  will  be  discussed  later. 

The  boundary  layer  temperature  data  were  reduced  to  the 
form  of  mean  temperature  profiles  and  plotted  as  T+  versus  Y+. 
As  with  the  velocity  profiles,  this  data  was  compared  with  the 
numerical  results  from  the  STANS  code  in  the  laminar  and 
turbulent  regions.  In  addition,  the  profiles  for  the  turbulent  re¬ 
gion  were  compared  to  the  conduction-layer  correlation,  = 
PrT  + ,  in  the  region  very’  near  the  wall  (y  *  <  5 )  and  to  the  law- 
of-the-wall  in  the  log-linear  region.  For  the  transition  region,  the 
profiles  in  the  near-wall  region  were  matched  to  the  conduction- 
layer  correlation.  However,  it  will  be  shown  later  that  the  data 
failed  to  match  the  log-linear  region. 

The  Reynolds  stresses  and  heat  fluxes  will  be  presented  in 
Part  2  of  this  paper.  A  detailed  uncertainty  was  performed  by 
Mislevy  ( 1993 ) .  Representative  uncertainty  of  the  mean  quanti¬ 
ties  is  listed  in  Table  L 

Uncertainty  Analysis.  Following  the  methodology  of 
Kline  and  McClintock  ( 1953),  an  uncertainty  analysis  was  con¬ 
ducted.  In  order  to  determine  the  propagation  of  the  individual 
uncertainties  into  the  resultant  quantities,  the  sensitivity  coeffi¬ 
cient  was  determined  by  perturbing  each  independent  variable 
by  its  uncertainty  value  within  the  data  reduction  program  and 
noting  the  change  in  the  resultant  quantity  (Moffat,  1982). 

Using  this  technique,  the  resultant  uncertainties  in  Stanton 
number  from  both  fixed  and  variable  inputs  resulted  in  an  over¬ 
all  uncertainty  in  Stanton  number  of  5  percent  The  uncertainty 
for  the  three-wire  probe  is  shown  in  Table  1  for  y/6  =  0.2.  The 
primary  contributor  to  uncertainty  in  V,  la,  and  vt  is  the  angle 
between  the  mean  flow  and  the  normal  to  the  sensor.  The  hot¬ 
wire  calibration  equations  are  the  largest  contributor  to  the  un¬ 
certainty  in  C  and  u  \  The  uncertainties  in  the  integral  parame¬ 
ters  are  also  summarized  in  Table  1.  The  uncertainty  in  the  wall 
location  (y  =  0 )  is  the  major  contributor  to  the  uncertainty  in 
displacement  thickness,  £*,  and  momentum  thickness,  8 . 
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Results  and  Discussion 

Surface  teat  transfer  measurements  were  made  for  constant 
K  values  between  —0.045  X  10~*  and  —1.44  x  10  ~6  over  five 
divergent  wall  angles.  In  order  to  compare  the  experimental 
results  in  the  laminar  and  turbulent  regions,  the  STANS  code 
was  run  using  the  free-stream  experimental  velocity  distribu¬ 
tions  and  corrected  wall  heat  fluxes  as  boundary  conditions. 
The  Stanton  number  distributions  for  two  representative  cases 
are  shown  in  Fig.  1  (a).  As  the  adverse  pressure  gradient  in  the 
laminar  region  increased,  the  STAN5  predictions  increasingly 
deviated  from  the  zero-pressure-gradient  case  (K  =  0).  The 
largest  Reynolds  number  for  each  laminar  prediction  curve  is 
the~  point  where  the  STANS  breaks  down,  which  indicates  a 
possible  boundary  layer  separation  in  the  computed  flow  ,  al¬ 
though  this  is  not  necessarily  true  for  the  real  flow.  The  Stanton 
number  at  this  point,  which  is  also  the  location  of  the  largest 
deviation,  shows  about  a  26  percent  difference  from  the  K  =  0 
case.  In  the  turbulent  region,  the  STANS  predictions  for  adverse 
pressure  gradients  also  show  a  deviation  from  the  K  =  0  curve; 
however,  it  should  be  noted  that  varying  free-stream  velocities 
at  a  constant  K  value  produce  significantly  different  curves  in 
the  low-Reynolds-number  region.  The  same  pressure  distribu¬ 
tion  (K  value)  with  different  £/*o  results  in  different  Stanton 
number  distributions.  The  deviation  from  the  zero-pressure-gra¬ 
dient  correlation  is  greater  at  higher  velocities.  This  is  shown 
in  Fig.  1(a)  for  K  =  -1.05  x  10~6  and  is  not  significant  in 
the  laminar  region. 

For  comparison.  Fig.  l(fc)  shows  the  STANS  skin-friction 
results.  The  effect  of  the  adverse  pressure  gradient  on  Cf  is 
stronger  than  it  is  on  the  Stanton  number,  with  larger  deviations 
from  K  =  0  in  both  the  laminar  and  turbulent  regions.  In  other 
words,  the  Reynolds  analogy  (2St/C/)  between  heat  and  mo¬ 
mentum  transfer  is  not  valid  for  adverse  pressure-gradient  flows 
due  to  the  greater  effect  of  negative  K  on  momentum  boundary 
layer  structures,  as  was  modeled  by  the  STANS.  In  the  laminar 
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Fig.  1  STANS  results  for  (a)  Stanton  number  and  (b)  skin  friction  for 
two  constant  K  cases 


region,  both  the  C,  and  the  St  are  below  the  K  =  0  curve.  In 
the  turbulent  region,  however,  the  Cf  falls  below  the  K  -  0 
curve  while  the  St,  although  less  affected,  is  higher  than  the  K 
-  0  curve.  The  CV  is  little  changed  by  varying  the  U for  the 
same  K  value  although  higher  velocities  result  in  the  prediction 
of  possible  separation  further  upstream.  Clauser  (1954)  found 
that  adverse  pressure  gradients  have  a  large  effect  on  skin  fric¬ 
tion  for  equilibrium  turbulent  boundary  layers  and  that  even 
relatively  small  gradients  can  reduce  skin-friction  coefficients 
by  up  to  50  percent  of  zero-pressure-gradient  values  at  the 
same  Reynolds  number.  For  favorable  pressure-gradient  results, 
however,  the  opposite  was  found  to  be  true.  In  favorable  pres¬ 
sure-gradient  cases,  Zhou  ( 1993)  found  both  the  C*  and  the  St 
in  the  laminar  region  to  be  higher  than  the  K  =  0  curve,  and 
in  the  turbulent  region  Zhou  found  the  Cf  to  be  higher  than  the 
K  =  0  curve  while  the  St  was  lower.  In  addition,  Zhou  ( 1993) 
showed  that  favorable  pressure  gradients  also  have  a  larger 
effect  on  Cf  than  on  Stanton  number. 

Experimental  Stanton  Number  Results-  Figure  2  shows 
the  experimental  Stanton  number  distribution  for  wall  configu¬ 
ration  1,  which  has  the  smallest  divergent  angle  (1.2  deg)  and 
thus  the  lowest  constant  K  values.  At  a  fixed  divergent  wall 
angle,  a  lower  U^o  results  in  a  higher  K  value,  and  the  corre¬ 
sponding  laminar  correlation  curves  differ  as  well,  as  shown  in 
Fig.  2  with  U*o  values  of  2  m/s  and  16  m/s.  For  the  sake  of 
clarity,  instead  of  plotting  every  correlation  curve  for  each  ve¬ 
locity  in  the  laminar  flow  region,  only  one  representative  curve 
for  the  K  =  0  cases  is  plotted  in  the  remaining  St  versus  Re, 
figures.  The  laminar  and  turbulent  correlations  for  zero-pressure 
gradient  can  be  found  in  Kays  and  Crawford  ( 1980)  for  a  con¬ 
stant  heat-flux  surface: 

Stum  =  0.453  Pr-0'6'  ReJ0J  [1  -  (^/x)0-75]*0-333  (2) 
SUt,  =  0.03  Pi-*"  Rej02  [1  -  U./.r)09]-0"1  (3) 

The  St  values  in  Fig.  2  initially  follow  the  K  =  0  correlation 
and  begin  to  deviate  from  this  line  as  the  Reynolds  number  is 
increased.  Near  the  leading  edge,  the  St  data  are  lower  than  the 
K  =  0  correlation,  possibly  due  to  the  uncorrected  upstream 
conduction  loss,  as  discussed  earlier  in  the  uncertainty  analysis. 
Transition  starts  when  the  St  reaches  a  minimum  value,  which 
is  at  about  the  same  Rex  for  all  of  the  cases  in  this  figure  due 
to  the  low  K  values  associated  with  this  wall  angle.  In  the  early 
transition  region,  the  Stanton  numbers  for  all  of  the  cases  follow 
a  well-ordered  distribution  until  midway  through  transition.  At 
this  point,  significant  scatter  develops,  which  will  be  discussed 
later.  Although  this  scatter  is  present,  there  is  a  trend  that  shows 
the  end  of  transition  occurring  at  increasingly  lower  Reynolds 
numbers  as  the  adverse  pressure  gradient  increases  ( [ATI  in¬ 
creases). 

Figure  3  shows  the  Stanton  number  distribution  for  wall  con¬ 
figuration  2  (divergent  angle  of  2.6  deg)  in  which  stronger 
decelerated  flows  were  obtained.  As  can  be  seen,  the  higher  K 
cases  result  in  earlier  onset  of  transition.  The  Reynolds  number 
at  the  end  of  transition  could  not  be  determined  simply  from 
the  wall  heat  transfer  behavior  due  to  the  unfamiliar  behavior 
of  the  Stanton  number  patterns.  There  are  in  fact  two  noticeable 
features  in  the  Stanton  number  distribution  in  Fig.  3:  (1)  the 
local  “twist”  in  the  transition  region  for  the  smaller  K  cases 
(higher  velocities)  and  (2)  the  overshoot  past  the  turbulent 
correlation  for  the  larger  K  cases.  As  the  end  of  transition  is 
approached,  there  is  an  increasing  overshoot  ( about  40  percent) 
beyond  the  zero-pressure-gradient  turbulent  correlation  as  the 
pressure  gradient  is  increased.  These  overshoots  are  consistent 
within  5  percent  of  the  STAN5  predictions.  For  clarity,  the 
STANS  predictions  are  not  shown  in  Fig.  3;  examples  of 
STAN5  predictions  are  shown  in  Fig.  1.  However,  experimental 
Stanton  number  data  from  Orlando  et  al.  ( 19“-)  and  Blackwell 
et  al.  (1972)  for  all  turbulent,  equilibrium  adverse  pressure- 
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Fig.  2  Local  surface  heat  transfer  for  wall  configuration  1  with  a  diver-  fig,  4  Comparison  of  Stanton  number  for  different  pressure  gradients 
gent  angle  of  1.2  deg  for  various  K  values  at  ^  divergent  angles  of  1.2,  2.6,  a5,  4.4,  and  5.6  deg 


gradient  flows  show'  very  close  agreement  with  the  zero-pres¬ 
sure-gradient  turbulent  correlation  when  plotted  against  en¬ 
thalpy  thickness  Reynolds  number.  However,  no  data  were 
available  in  their  studies  for  the  Stanton  number  when  explicitly 
plotted  against  Reynolds  number  based  on  physical  x.  The  lim¬ 
ited  boundary  layer  measurements  (for  two  cases)  in  this  pres¬ 
ent  study  do  not  provide  sufficient  enthalpy  thickness  informa¬ 
tion  for  comparison  with  their  data. 

The  Stanton  number  distributions  for  wall  configurations  3, 
4,  and  5  (divergent  angles  of  3.5. 4.4,  and  5.6  deg,  respectively) 
show  the  same  trends  in  the  presence  of  increasing  adverse 
pressure  gradients  as  did  positions  1  and  2,  such  as  overshooting 
the  zero-pressure-gradient  turbulent  correlation  and  an  earlier 
onset  of  transition.  Although  the  earlier  transition  onset  is  appar¬ 
ent  at  each  wall  angle  for  increasing  AT ,  Fig.  4  shows  the  overall 
effect  of  constant  AT  flows  produced  at  different  angles  and  £/«<>. 
As  can  be  seen,  stronger  negative  constant  K  flows  produce 
earlier  transition  onset  regardless  of  the  wall  angle.  The  sharp 
“twist”  in  the  transition  region  for  the  lower  K  cases  of  wall 
configurations  1  and  2  (Figs.  2  and  3)  turns  into  a  broad  scatter 
at  the  end  of  transition  for  cases  having  larger  divergent  angles 
and  increasingly  higher  £/«<>.  The  overshoot  past  the  zero-pres¬ 
sure-gradient  turbulent  correlation  associated  with  higher  K  val¬ 
ues  disappears  as  the  A"  value  is  reduced.  The  slope  of  the 
Stanton  number  distribution  in  the  early  transition  region  ap¬ 
pears  to  become  steeper  as  the  AT  value  increases,  reflecting 
the  shorter  transition  region  (based  on  Rez)  that  results  from 
increasing  the  adverse  pressure  gradient  The  Stanton  number 
appears  to  be  a  good  parameter  for  determining  the  onset  of 
transition,  but  the  peculiar  distribution  and  scatter  of  the  Stanton 
number  within  the  late-transition  and  turbulent  regions  makes 
it  difficult  to  determine  the  end  of  transition. 


To  determine  the  cause  of  this  scatter,  several  possible 
sources  were  investigated,  such  as  nonconstant  heat  flux  pro¬ 
duced  by  the  heater  and  separation  of  the  boundary  layer  from 
the  test  surface.  However,  as  explained  below,  neither  noncon¬ 
stant  heat  flux  nor  separation  was  found  to  be  present. 

A  single  hot  wire  was  used  to  obtain  flow  information  in  the 
boundary  layer  and  skin-friction  measurements  on  the  wall  for 
a  flow'  with  a  reference  free-stream  velocity  of  20.1  m/s  and  K 
=  —0.027  X  10”*6.  Figure  5  shows  an  overlay  of  the  skin  friction 
and  the  Stanton  number  for  this  case.  Both  the  C/and  the  Stanton 
number  show  th<?  same  location  for  the  onset  of  transition; 
however,  their  locations  at  the  end  of  transition  differ  markedly. 
The  Cf  overshoots  the  STAN5  turbulent  results  by  about  5  per¬ 
cent  in  the  early  turbulent  region  and  then  approaches  the  turbu¬ 
lent  correlation  as  the  Reynolds  number  increases.  However,  the 
Stanton  number,  as  seen  before  at  high  U* 0,  develops  significant 
scatter  midway  through  transition  with  a  region  that  indicates 
a  decrease  in  the  heat  transfer  coefficient  From  information 
indicated  by  the  flow  structures  in  the  boundary'  layer  (such  as 
mean  velocity  profiles,  fluctuating  velocities,  and  shape  fac¬ 
tors),  the  turbulent  region  starts  at  about  1.3  x  106  (or  the 
location  of  Cfjmx ).  Therefore,  if  these  instabilities  are  causing 
the  Stanton  number  scatter,  then  strangely  they  are  not  affecting 
the  mean  or  fluemating  stream  wise  velocities  (not  shown  here; 
see  Mislevy,  1993 )  within  the  boundary'  layer.  In  addition,  the 
Cf  distribution  does  not  suggest  the  existence  of  a  separation 
bubble  since  no  near-zero  value  for  the  C/ was  found.  The  actual 
cause  of  this  peculiar  Stanton  number  distribution  is  still  not 
known  although  it  seems  to  be  intensified  by  the  application  of 
increased  adverse  pressure  gradients  and  increased  free-stream 
velocities.  At  K  -  0,  the  scatter  disappears. 
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Fig.  3  Local  surface  heat  transfer  for  wall  configuration  2  with  a  diver¬ 
gent  angle  of  2.6  deg  for  various  K  values;  slower  U*c  results  in  higher 
K  value 


Fig.  5  Centerline  Stanton  number  and  skin  friction  distribution  for  K  - 
-0.027  x  IQ'6  (LU  *  20.1  m/s) 
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A  direct  comparison  between  two  of  the  adverse  pressure 
gradient  and  the  corresponding  baseline  results  for  free-stream 
velocities  of  a  similar  magnitude  at  x  «  18  cm  are  shown  in 
Fig.  6.  Both  the  onset  and  the  end  of  transition  clearly  occur 
earlier  for  the  decelerating  cases  than  for  the  corresponding 
baseline  cases.  K  versus  Re*,  is  plotted  in  Fig.  7,  which  shows 
that  Re*,  decreases  sharply  in  the  presence  of  weak  adverse 
pressure  gradients  and  then  seemingly  levels  off  for  stronger 
adverse  pressure  gradients.  It  should  be  noted  that  the  transition 
onset  data  in  this  figure  from  Gostelow  et  al.  (1992)  are  based 
on  the  intermittencv  of  the  momentum  boundary  layer,  rather 
than  surface  heat  transfer.  The  strengths  of  the  adverse  pressure 
gradients  of  Gostelow  et  al.  <  1994)  were  measured  based  on 
X*  at  transition  inception.  Neither  K  nor  X*  values  were  main¬ 
tained  as  a  constant  in  their  study.  The  X#  values  at  the  onset 
of  transition  for  the  flows  of  Gostelow  et  al.  were  converted  to 
K  values  based  on  the  relationship  K  =  X*/Re£. 

Boundary  Layer  Investigation.  In  order  to  gain  an  under¬ 
standing  of  the  effects  of  adverse  pressure  gradients  on  the 
momentum  and  thermal  transport  mechanisms  in  the  transitional 
boundary  layer,  two  representative  decelerating  cases  were  cho¬ 
sen  for  a  boundary'  layer  investigation.  A  medium  and  a  strong 
adverse  pressure  gradient  were  chosen,  each  at  a  different  wall 
angle.  The  obtained  K  values  were  K  =  -0.51  X  10  ~6  at  wall 
configuration  3  (3-5  deg)  and  K  =  —1.05  X  10'6  at  wall  con¬ 
figuration  2  (2.6  deg),  which  will  be  termed  Kl  and  £2,  respec¬ 
tively,  for  the  remainder  of  the  discussion.  The  K  values  were 
determined  as  described  earlier. 

The  FSTI  and  the  isotropy  factors  (the  ratio  of  v7«'  and  w'/ 
u ')  for  each  case  are  shown  in  Fig.  8.  The  FSTI  is  fairly 
constant  for  each  of  the  three  cases  ranging  from  0.3  to  0.6 
percent  although  the  decelerating  cases  show  a  slight  increase 


Fig.  6  Comparison  of  local  surface  heat  transfer  behavior  between 
baseline  and  adverse  pressure  gracfient  cases  at  a  simitar  magnitude  of 
free-stream  velocity  at  x  =  18  cm 


Fig.  7  Comparison  of  Re„  with  different  adverse  pressure  gradients. 
The  data  from  Gostelow  et  aL  were  plotted  by  converting  its  A,  values 
at  the  onset  of  transition  to  K  values. 


in  FSTI  downstream.  The  ratio  of  v'/u',  as  measured  by  a  uv 
x-wire,  decreases  in  the  presence  of  increased  adverse  pressure 
gradients.  The  values  are  not  isotropic,  and  v'  appears  to  be 
suppressed  as  the  adverse  pressure  gradient  is  increased.  The 
ratio  of  w'Ju\  as  measured  by  the  uwx-wire,  is  mostly  isotropic 
for  the  baseline  and  the  Kl  case.  However,  for  the  K2  case,  w' 
is  also  suppressed.  This  can  be  explained  as  vortex  compression 
in  a  divergent  channel  with  thin  boundary  layers,  similar  to 
the  explanation  of  vortex  stretching  in  a  contraction  by  Uberoi 
( 1956)  and  Tennekes  and  Lumley  ( 1972):  The  velocity  fluctu¬ 
ations  associated  with  an  “eddy”  aligned  with  the  mean  flow 
decrease,  and  those  associated  with  an  eddy  perpendicular  to 
the  mean  flow  increase  in  a  contraction.  This  phenomenon  is 
reversed  in  a  divergent  channel.  Therefore,  both  vf  and  wr 
decrease  in  a  divergent  channel  since  they  are  associated  with 
eddies  aligned  with  the  mean  flow. 

The  free-stream  integral  length  scales  (X)  shown  in  Fig.  8 
vary  from  1.9  to  3.0  cm  and  are  consistently  larger  than  the 
baseline  case.  The  scattered  distribution  of  X  for  the  Kl  cases 
is  due  to  uncertainty  in  the  low-speed  flow.  The  integral  length 


x(cm) 

Fig.  8  Streamwise  distribution  of  FSTI,  v7u\  l v'/u',  and  integral  length 
scale  for  Kl  and  K2  cases 
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scales  were  calculated  by  integrating  the  autocorrelation  of  uf 
to  the  first  zero  crossing,  which  gives  the  integral  time  scale, 
and  then,  by  assuming  that  the  Taylor  hypothesis  is  valid,  multi¬ 
plying  the  integral  time  scale  by  die  mean  velocity. 

Skin  Friction  and  Integral  Parameters.  The  variation  of 
the  skin-friction  coefficient  obtained  from  the  measurements  of 
both  the  single  hot  wire  and  the  three-wire  probes  is  shown  in 
Fig.  9.  The  skin-friction  values  for  laminar  and  turbulent  flow 
from  the  STAN5  solutions  are  also  shown  in  Fig.  9  for  compari¬ 
son.  In  both  the  laminar  and  the  turbulent  regions,  the  experi¬ 
mental  skin  frictions  are  higher  than  the  STANS  predictions  but 
are  significantly  lower  than  the  baseline  Cf  values  for  increas¬ 
ingly  adverse  pressure  gradients.  The  onset  and  the  end  of  transi¬ 
tion  were  first  chosen  at  the  locations  where  the  skin  friction 
reaches  its  minimum  and  maximum,  respectively.  However,  the 
actual  position  may  occur  slightly  on  either  side  of  die  chosen 
locations  due  to  the  space  between  measurement  stations.  There¬ 
fore,  the  onset  and  the  end  of  transition  were  later  cross-checked 
with  the  Stanton  number  distribution,  die  shape  factors,  and 
other  mean  and  fluctuating  parameters  in  the  boundary  layer.  It 
is  also  observed  that  higher  negative  K  values  cause  earlier 
transition  onset  and  shorter  transition  length  in  terms  of  Rez, 
Re?,  and  Re*  (Table  2). 

The  integral  parameters  are  shown  in  Fig.  10.  The  growth 
rates  of  6,  6 *,  and  8  for  both  of  the  adverse  pressure-gradient 
cases  appear  to  be  about  the  same,  but  they  are  larger  than  those 
of  the  baseline  cases.  The  shape  factor,  H,  shows  larger  values 
in  the  laminar  region  than  for  the  baseline  case.  The  shape 
factors  for  the  decelerated  cases  rise  to  about  3.4  before  transi¬ 
tion  onset  and  then  decrease  to  between  1.5  and  1.6  in  the 
turbulent  region.  Tliis  tendency  for  H  values  to  rise  at  the  end 
of  the  laminar  flow  is  distinctively  different  from  die  tendency 
for  H  values  to  be  lower  for  the  baseline  case.  Increasingly 
adverse  pressure  gradients  appear  to  produce  higher  values  of 
shape  factor  in  both  the  laminar  and  the  turbulent  regions.  The 
tendency  for  H  values  to  rise  at  the  end  of  the  laminar  flow 
also  indicates  that  the  rate  of  increase  for  6*  is  faster  than  it  is 
for  0,  as  can  be  seen  from  the  local  maximum  6 *  values  at  x 
=  60  cm  for  the  AT  case  and  at  x  =  80  cm  for  the  K2  case. 
For  all  of  the  cases  in  this  study,  the  shape  factor  has  reached 
its  turbulent  value  by  the  end  of  transition.  However,  Gostelow 
et  al.  (1992)  reported  that  H  continues  to  fall  after  transition 
completion  for  strong  adverse  pressure  gradients  (X*  »  —0.05  to 
—0.07),  but  that  this  change  is  not  significant  for  weak  pressure 
gradients.  Gostelow  et  al.  attribute  this  result  to  the  strong  lag 
effects  on  the  velocity  profiles  and  the  shorter  transition  lengths 
associated  with  stronger  adverse  pressure  gradients.  Although 
Gostelow  et  al.  (1994)  determined  the  end  of  transition  based 
on  intermittency  (T  =  0.99),  their  mean  velocity  profiles  at 
this  intermittency  value  follow  the  log-linear  turbulent  law-of- 


Fig.  9  Comparison  of  skin  friction  between  the  baseline  and  two  decel¬ 
erating  cases  with  K1  «  -0.51  x  10"*  and  K2  =  -1.05  x  10~* 


Table  2  Reynolds  numbers  at  onset  and  end  of  transition  for  cases  with 
boundary  layer  measurements 


Baseline 

(K=0) 

Kl= 

-0.51x10-* 

K2= 

-1.05x10-* 

(m/s) 

12.24 

8.13 

2£S 

FSH  (%)  at  x, 

0.50 

030 

C35 

fe* 

5.50x10^ 

3.01x10s 

1.35x10s 

Onset  of 

Re5* 

1294 

1227 

9S6 

Transition 

fee 

492 

373 

29* 

fe* 

"l  1.2x10s 

~  4.28x10s 

235x10s 

End  of 

fe5* 

1826 

1423 

1045 

Transition 

fe<, 

1302 

946 

679 

fejtL 

5.70x10s 

1.27x10s 

~a9 ixTo5 

Length  of 

few. 

532 

196 

59 

Transition 

fefl.L 

810 

573 

385 

the-wall  in  £/+  —Y +  coordinates.  It  will  be  shown  tha:  although 
no  delay  in  the  shape  factor  was  found  in  this  study,  the  mean 
velocity  profiles  at  the  determined  end  of  transition  also  follow 
the  log-linear  turbulent  law-of-the-wall.  In  addition,  the  pressure 
gradients  of  Gostelow  (1994)  were  defined  by  the  value  of  X* 
at  transition  onset,  and  the  physical  difference  between  mat  flow 
and  a  constant  AT  flow  may  be  a  reason  for  the  discrepancy  with 
the  current  results. 

Mean  Velocity  and  Mean  Temperature  Profiles.  The  IT 
versus  Y"  mean  velocity  profiles  for  the  three- wire  probe  were 
determined  as  described  earlier,  using  the  single  hot-wire  mea¬ 
surements  as  a  guide.  The  STAN5  predictions  for  the  velocity 
profiles  in  the  laminar  and  turbulent  regions  were  obtained  and 
used  as  a  guide  in  these  regions.  These  profiles  are  shown  in 
Fig.  11(c)  for  the  AT  case.  In  the  laminar  region,  the  adverse 
pressure  gradient  causes  the  velocity  profile  in  the  n ear-wall 
region  to  pull  away  from  (move  above)  the  Couette  now  U* 
—  Y*  curve  for  locations  further  downstream.  As  a  result,  for 
station  3  of  the  AT  case  the  laminar  profile  matches  the  U+  = 
curve  only  for  F+  <  2.  Only  stations  2  and  3  are  obtained 
in  the  laminar  region  since  the  STAN5  code  breaks  down  after 
station  3.  In  the  turbulent  region,  the  STAN5  predicts  a  short¬ 
ened  and  steeper  log-linear  region  and  stronger  wake  regions 
as  Re*  increases. 

Figure  11(h)  shows  the  STAN5  predictions  for  the  AT  case 
temperature  profiles.  In  the  laminar  region,  the  adverse  pressure 
gradient  causes  the  temperature  profiles  tcvbecome  increasingly 
lower  than  the  conduction-layer  correlation,  T*  =  Pr Y  ~ .  as  Re* 


Fig.  10  Boundary  layer  integral  parameters  for  the  baseline,  KT ,  and  K2 
cases  ( - thermal  boundary  layer  thickness,  £f) 
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Fig.  11  Results  of  the  STANS  predfctkmof  (a)  velocity  “*!  J,b> 

temperature  profiles  for  correspoocfing  stations  of  K1  =  -0.51  x  10 


increases.  This  phenomenon  is  opposite  to  the  effect  of  the 
adverse  pressure  gradient  on  the  velocity  profiles.  In  the  turbu¬ 
lent  region,  the  STANS  predictions  show  an  increasing  under¬ 
shoot  of  the  thermal  law-of-the-wall  with  an  indistinct  log-linear 

region.  -  , 

Although  the  STAN5  predicts  a  possible  separation  of  the 
laminar  boundary  layer,  no  separation  was  observed  in  the  test 
section  of  the  present  study.  Both  adverse  pressure-gradient 
cases  used  in  the  boundary  layer  investigation  were  checked 
for  separation.  A  3/4-in.-long  tuft  on  the  end  of  a  2-ft  rod  was 
used  to  probe  the  near-wall  boundary  layer  over  the  entire  plate, 
and  no  separation  was  detected.  In  addition,  for  the  region  of 
interest  die  experimental  Stanton  number  distribution  has  a 
smooth  distribution  well  into  the  transition  region,  showing  no 
sign  of  separation.  Third,  the  skin-fiiction  data  obtained  from 
the  measured  velocity  profiles  do  not  show  a  near-zero  value 
(a  necessary  condition  for  separation)  anywhere  along  the  test 
plate. 

Due  to  paper  length  restrictions,  the  mean  velocity  and  tem¬ 
perature  profiles  for  the  K2  case  only  are  shown  in  this  paper 
in  Figs.  12  and  13.  For  the  K2  case,  the  mean  velocity  profiles 
followed  the  laminar  computational  solution  up  through  station 
4.  Consistent  with  the  Stanton  number  results,  which  show  that 
transition  does  not  start  until  after  station  5,  the  mean  velocity 
profiles  indicate  that  the  transition  starts  between  stations  5  and 
6.  The  flow  is  transitional  for  stations  6  through  9  and  reaches 
the  fully  turbulent  profile  for  stations  10  to  13.  One  problem 
related  to  transitional  velocity  profiles  in  an  adverse  pressure 
gradient  is  the  determination  of  the  near-wall  mean  velocity 
profile  in  the  early  transition  region.  Due  to  the  reduction  in 
skin  friction  relative  to  the  zero-pressure-gradient  case,  the  near- 
wall  laminar  profiles  of  the  decelerated  flows  move  higher  away 
from  the  U*  =  Y*  curve  as  Re*  increases  downstream  and  then 
move  back  toward  U*  =  T+  once  transition  starts.  As  a  result. 


there  is  the  question  of  where  the  early  transitional  profiles 
should  lie  for  Y*  <  10.  In  the  absence  of  any  theoretical  velocity 
orofiles  or  proven  numerical  predictions  as  guidelines,  the 
choice  of  the  location  of  the  near-wall  velocity  profiles  relative 
to  the  D7~  *  Y+  curve  can  have  a  significant  effect  on  the 
determination  of  the  skin-friction  coefficient  in  the  early  transi¬ 
tion  region.  For  the  purpose  of  this  study,  the  location  of  the 
first  few  near-wall  data  points  were  chosen  to  be  close  to  the 
U+  _  y~  curve  so  as  to  provide  a  smooth  transition  in  C< from 
its  laminar  to  turbulent  values.  In  the  turbulent  flow  region 
(stations  11-13),  the  velocity  profiles  apparently  have  a  short¬ 
ened  loa-linear  region  with  a  steeper  slope. 

The  mean  temperature  profiles  for  the  K2  case  are  shown  in 
Fig.  13.  Hie  mean  temperature  profiles  are  in  good  agreement 
with  the  STAN5  results  in  the  laminar  region.  The  transition  of 
the  temperature  profiles  appears  to  start  between  stations  4  and 
5  which  is  earlier  than  the  evolution  of  the  mean  velocity 
profiles.  For  station  6,  the  mean  temperature  profile  does  not 
show  a  trend  that  would  match  the  conduction-layer  correlation, 
T*  =  PrT*.  This  can  .be  attributed  to  increased  uncertainty  in 
determining  skin  friction  from  the  transitional  mean  velocity 
profiles  and  in  finding  the  wall  location  (y  =  0)  for  tins  station 
due  to  the  effect  of  the  adverse  pressure  gradient  The  uncer¬ 
tainty  in  determining  C,  affects  the  uncertainty  of  the  Y  and 
T*  values.  In  the  turbulent  region,  the  effect  of  the  adverse 
pressure  gradient  is  to  push  the  mean  temperature  profiles  m- 
CTeasinelv  below  the  log-linear  curve  of  a  zero-pressure-gradi¬ 
ent  flow.  A  curve  fit  of  the  turbulent  temperature  profile  in  the 
log-linear  region,  T*  =  Y  SPr,  +  (Pr,/0.41 )  In  [Y*!Y «],  gives 
a  conduction  layer  thickness  of  Y  %  =  9.8  and  an  aveya§e 
=  0  71  while  the  wake  region  is  apparently  suppressed  due  to 


V 

Fig.  12  Mean  velocity  profiles  from  the  three-wire  probe  in  wall  units 
for  K2  =  -1.05  x  10“ 
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Fig.  13  Mean  temperature  profiles  from  the  three-wire  probe  in  wall 
units  for  K2  -  -1.05  x  10~* 


the  slope  of  -  Y  *  profiles  as  the  average  Pr,  has  yet  to  be 
verified  for  adverse  pressure  gradient  flows,  the  value  of  Prf  = 
0.71  is  consistent  with  data  from  Blackwell  et  al.  (1972).  They 
found  that  turbulent  Prandtl  numbers  decrease  to  approximately 
between  0.6  and  0.8  in  the  log-linear  region  with  the  application 
of  an  adverse  pressure  gradient.  It  is  interesting  to  note  that  the 
velocity  profiles  in  the  laminar  region  under  an  adverse  pressure 
gradient  in  U+  -Y~  coordinates  have  an  upward  trend  relative 
to  the  Couette  flow  correlation  U*  =  Y~  (due  to  a  significant 
reduction  of  Cf)  as  Re*  increases,  while  the  temperature  profiles 
in  -  Y  *  coordinates  move  downward  from  the  conduction- 
layer  correlation  T~  =  Pr Y~,  which  is  opposite  to  the  evolution 
of  temperature  profiles  for  zero-pressure-gradient  flow. 

In  addition,  for  the  K2  case  it  is  clear  that  the  evolution  of 
temperature  reaches  fully  turbulent  flow  through  the  transition 
region  more  quickly  (at  station  9)  than  does  the  evolution  of 
velocity,  which  reaches  fully  turbulent  flow  at  station  11.  The 
results  above  indicate  that  the  development  of  thermal  transport 
in  decelerating  transitional  boundary  layers  leads  the  develop¬ 


ment  of  momentum  transport.  Sbarma  (1987 )  also  found  similar 
results  for  adverse  pressure  gradients  due  to  this  difference  in 
the  thermal  and  momentum  transport  and  showed  that  current 
transitional  modeling  schemes  fail  to  predict  the  thermal  bound¬ 
ary  layer.  More  experimental  results  are  needed  to  develop  im¬ 
proved  transitional  flow  models. 

Conclusion 

As  seen  from  the  surface  heat  transfer  results,  streamwise 
deceleration  caused  an  earlier  onset  of  transition  (smaller  Re*,) 
relative  to  a  zero-pressure  gradient.  There  was  a  sharp  decrease 
in  the  transition  onset  Reynolds  number  (Re*,)  for  weak  adverse 
pressure  gradients,  while  for  strong  adverse  pressure  gradients, 
Re*,  seemingly  approached  an  asymptotic  value.  The  variation 
of  the  Stanton  number  distribution  along  the  streamwise  direc¬ 
tion  in  the  early  transition  region  increased  faster  as  the  AT  value 
increased,  reflecting  a  shorter  transition  region  (based  on  Re*). 

The  Stanton  numbers  for  some  cases  followed  a  well-ordered 
distribution  until  midway  through  transition,  at  which  point  sig¬ 
nificant  scatter  and  waviness  developed.  This  region  of  scatter 
and  waviness  increased  with  decreasing  K  values  (or  increasing 
Um o).  The  Cf  distribution  obtained  from  the  velocity  measure¬ 
ments  showed  a  smooth  curve  from  the  laminar  to  turbulent  flow 
without  the  scatter  and  waviness  seen  in  the  Stanton  number 
distribution. 

In  the  St  versus  Re*  figures,  the  Stanton  number  distributions 
are  apparently  above  the  zero-pressure-gradient  turbulent  corre¬ 
lation.  This  difference  increased  as  the  adverse  pressure  gradient 
increased.  The  Stanton  number  in  the  turbulent  portion  de¬ 
creased  with  a  milder  slope  downstream  than  the  slope  of  the 
zero-pressure-gradient  turbulent  correlation. 

From  the  boundary  layer  results,  higher  negative  K  values 
caused  earlier  transition  onset  and  shorter  transition  lengths  in 
terms  of  Re*,  Re*.,  and  Re*.  Increasing  the  adverse  pressure 
gradient  produced  higher  values  of  shape  factor  in  both  the 
laminar  and  the  turbulent  regions.  Different  from  the  zero-pres¬ 
sure-gradient  case,  the  shape  factors  for  both  of  the  adverse 
pressure-gradient  cases  rose  to  a  maximum  at  the  end  of  the 
laminar  flow.  For  all  cases,  the  shape  factor  had  almost  reached 
its  turbulent  value  by  the  end  of  transition. 

For  the  laminar  mean  velocity  profiles,  the  adverse  pressure 
gradient  induced  smaller  Cf  values  and  caused  the  near-wall 
velocity  profiles  to  pull  away  from  (move  above)  the  C7+  = 

curve  at  locations  further  downstream.  However,  for  the 
laminar  mean  temperature  profiles,  the  adverse  pressure  gradi¬ 
ent  caused  the  near-wall  temperature  profiles  to  become  lower 
than  the  T*  -  P tY*  curve,  opposite  to  its. effect  on  the  velocity' 
profiles.  The  turbulent  mean  velocity  profiles  of  the  decelerated 
flow  show  a  shortened  log-linear  region  with  steeper  slopes  than 
the  baseline  case.  The  turbulent  mean  temperature  profiles  for 
the  decelerated  flow  have  thinner  conduction  layers  (Y  2)  and 
lower  Pr,  than  the  baseline  case.  For  the  K2  case,  a  curve  fit  in 
the  thermal  law-of-the-wall  region  results  in  Y  5  -  9.8  and  Pr, 

=  0.71.  Through  the  transition  region,  the  streamwise  evolution 
of  the  temperature  profiles  achieved  fully  turbulent  flow  faster 
than  did  the  evolution  of  the  velocity  profiles.  However,  this 
lag  of  the  momentum  transport  behind  the  thermal  transport  in 
the  transition  process  did  not  appear  to  become  more  pro¬ 
nounced  with  increasing  negative  K. 
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The  Effects  of  Adverse  Pressure 
Gradients  on  Momentum  and 
Thermal  Structures  in 
Transitional  Boundary  Layers: 
Part  2— Fluctuation  Quantities 

The  effects  of  adverse  pressure  gradients  on  the  thermal  and  momentum  characteris¬ 
tics  of  a  heated  transitional  boundary  layer  were  investigated  with free-stream  turbu¬ 
lence  ranging  from  0.3  to  0.6  percent.  Boundary  layer  measurements  were  conducted 
for  two  constant-K  cases,  K1  -  -0.51  X  10'6  and  K2  =  -1.05  X  10~*  The 
fitetuation  quantities,  u\  v\  f,  the  Reynolds  shear  stress  (uv),  and  the  Remolds 
heat  fluxes  (vt  and  ut)  were  measured  In  general,  u'/U„,  v'/U„,  and  vt  have  'higher 
values  across  the  boundary  layer  for  the  adverse  pressure-gradient  cases  than  the y 
do  for  the  baseline  case  (K  =  0).  The  development  of  v’  for  the  adverse  pressure 
gradients  was  more  actively  involved  than  that  of  the  baseline.  In  the  early  transition 
region,  the  Reynolds  shear  stress  distribution  for  the  K2  case  showed  a  near-wall 
region  of  high-turbulent  shear  generated  at  Y*  =  7.  At  stations  farther  downstream, 
this  near-wall  shear  reduced  in  magnitude,  while  a  second  region  of  high-turbulent 
shear  developed  at  Y  =70.  For  the  baseline  case,  however,  the  maximum  turbulent 
shear  m  the  transition  region  was  generated  at  Y*  =  70,  and  no  near-wall  high- 
shear  region  was  seen.  Stronger  adverse  pressure  gradients  appear  to  produce  more 
uniform  ami  higher  f  in  the  near-wall  region  (Y*  <  20)  in  both  transitional  and 
turbulent  boundary  layers.  The  instantaneous  velocity  signals  did  not  show  am  clear 
turbulent/nonturbulent  demarcations  in  the  transition  region.  Increasingly  stronger 
a/tverffi  Pressure  gradients  seemed  to  produce  large  nonturbulent  unsteadiness  (or 
instability  waves)  at  a  similar  magnitude  as  the  turbulent  fluctuations  such  that  the 
production  of  turbulent  spots  was  obscured.  The  turbulent  spots  could  not  be  identified 
visually  or  through  conventional  conditional-sampling  schemes.  In  addition,  ' the 
streamwise  evolution  of  eddy  viscosity,  turbulent  thermal  diffusivity,  and  Pr,  are  also 
presented. 


Introduction 

The  previous  paper  (Part  1 )  reported  the  results  of  an  investi¬ 
gation  into  wall  heat  transfer,  wall  friction,  and  the  mean  flow 
structure  within  the  transitional  boundary  layer  under  an  adverse 
pressure  gradient  In  order  to  understand  better  the  flow  struc¬ 
ture  and  the  fundamental  physics  in  the  transitional  boundary 
layer,  information  regarding  the  fluctuating  quantities  is  needed. 
The  fluctuating  quantities  investigated  in  this  study  include  typi- 
cal  parameters  such  as  the  Reynolds  normal  and  "shear  stresses 
nnd  “*>),  the  streamwise  Reynolds  heat  fluxes  (wu 
and  vt),  the  eddy  viscosity  (e„),  and  die  turbulent  thermal 
diffusivity  (e„),  which  are  needed  for  future  transitional  flow 
modeling  and  heat  transfer. 

Researchers  such  as  Acharya(1985),  Gostelowetal  (1994) 
Gostelow  and  Walker  (1991),  and  Gostelow  and  Blunden 
( 1989)  have  investigated  transitional  boundary  layers  subjected 
to  adverse  pressure  gradients  and  have  determined  mean  veloc¬ 
ity7  distributions,  integral  parameters  (discussed  in  Part  1),  and 
intermittency  values.  These  researchers  used  an  on-line  inter- 
mittency  meter  with  a  preset  threshold  value  to  determine  the 
intermittency  values.  Gostelow  (1991)  presented  the  velocitv 
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traces  for  what  he  considered  to  be  zero,  moderate,  and  strong 
adverse  pressure  gradients,  with  corresponding  X*  values  ai  tran¬ 
sition  onset  of  0,  “0.034  and  —0.069,  respectively.  Gostelow 
(1991)  showed  that  for  the  strong  pressure  gradient  (\*  = 
-0.069),  the  velocity  traces  are  marked  J>y  the  continuous  ap¬ 
pearance  of  instability  waves,  which  show  a  greater  uniformity 
of  amplitude  than  is  present  at  lower  pressure  gradients.  The 
amplitude  and  frequency  of  the  Tollmien-Schlichting  waves 
are  higher  than  they  are  at  lower  pressure  gradients  and  are 
generally  on  the  same  order  of  magnitude  as  the  fluctuations  in 
the  turbulent  spots.  In  addition,  Gostelow  also  stated  that  the 
continuous  way  in  which  turbulence  appears  during  transition 
in  an  adverse  pressure  gradient  makes  the  turbulent  spots  much 
more  difficult  to  characterize,  and  thus  intermittency  measure¬ 
ments  are  open  to  greater  error.  In  fact,  Amal  (1984)  stated 
that  intermittency  is  less  apparent  even  when  transition  occurs 
under  only  a  slight  adverse  pressure  gradient  since  the  instability 
waves  exhibit  higher  amplitudes,  making  the  turbulent  spots 
difficult  to  distinguish.  These  previous  results  seem  to  indicate 
that  the  high  turbulent-spot  production  rate  and  the  shorter  tran¬ 
sition  lengths  associated  with  adverse  pressure  gradients  may 
be  linked  to  some  physical  changes  occurring  in  the  flow  struc¬ 
ture  in  the  transition  region. 

However,  very  little  information  regarding  the  fluctuating 
quantities  under  adverse  pressure-gradient  conditions  has  been 
documented  in  the  literature.  Recent  work  by  Keller  and  Wans 
(1996)  and  Keller  (1993)  has  provided  detailed  measurements 
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of  flow  and  thermal  structures  for  transitional  boundary  layers 
subjected  to  constant  K  favorable  pressure  gradients.  Since  fa¬ 
vorable  pressure  gradients  appear  to  damp  out  oscillations  and 
delay  transition  onset  whereas  adverse  pressure  gradients  cause 
strong  amplification  of  instabilities  and  produce  early  transition, 
it  would  seem  reasonable  to  assume  that  results  obtained  under 
a  favorable  pressure  gradient  would  be  somewhat  opposite  to 
those  obtained  under  adverse  conditions,  and  that  they  would 
give  insight  into  what  might  be  expected  under  such  conditions. 

As  might  be  expected,  in  the  presence  of  a  favorable  pressure 
gradient,  the  laminar  boundary  layer  can  tolerate  higher  stream- 
wise  fluctuations  (i/')  without  undergoing  transition  than  it  can 
in  the  zero-pressure-gradient  (baseline)  case.  With  increasing 
positive  K  values,  the  magnitudes  of  «'/£/.  and  uvfUl  are 
reduced  relative  to  the  zero-pressure-gradient  flow  at  each 
streamwise  location  having  similar  intermittency  (r)  values.  In 
addition,  with  increasing  K  values  favorable  pressure  gradients 
appear  to  suppress  local  turbulent  shear  generation  at  Y*  = 
100.  The  peak  magnitude  of  the  Reynolds  streamwise  heat  flux 
(ut)  in  the  transition  region  is  approximately  20  times  that  of 
the  wall  heat  flux  for  favorable  pressure  gradients,  while  for 
the  zero-pressure  gradient  it  has  a  magnitude  that  is  17  times 
that  of  the  wall  heat  flux. 

The  results  presented  in  this  paper  are  intended  to  provide 
insight  into  both  the  momentum  and  the  heat  transfer  behavior 
induced  by  an  adverse  pressure  gradient  These  results  include 
instantaneous  velocity  signals  as  well  as  fluctuating  quantities 
in  the  form  of  Reynolds  stresses  and  heat  fluxes. 

Experimental  Program.  The  same  test  facility  and  experi¬ 
mental  equipment  was  used  as  described  in  Part  1.  Briefly,  a 
two-dimensional,  open-circuit  wind  tunnel  was  used  that  had  a 
test  section  consisting  of  a  heated  fiat  plate  and  a  divergent 
outer  wall  for  setting  constant  K  pressure  gradients.  A  three- 
wire  probe  and  a  hot-wire  anemometry  system  were  used  to 
make  instantaneous  measurements  of  velocity  and  temperature 
in  the  boundary  layers.  The  determination  of  the  wail  location 
(y  =  0)  was  guided  by  a  single  hot-wire  measurement 

Detailed  boundary  layer  measurements  are  made  for  two 
cases,  Kl  =  -0.51  x  10"*  and  K2  =  -1.05  x  10  “6.  The  free- 
stream  turbulence  intensities  at  the  onset  of  transition  are  0,3 
and  0.35  percent  respectively.  The  uncertainties  of  the  fluctuat¬ 
ing  quantities  near  y/6  -  0.2  are  listed  in  Table  1. 

Results  and  Discussion 

Velocity  Signals.  Instantaneous  velocity  signals  are  often 
helpful  in  showing  flow  characteristics  and  in  detecting  ambigu¬ 
ous  regions  between  transitional  and  turbulent  flows.  The  instan- 


Table  1  Uncertainties  of  fluctuating  quantities 


Parameter 

u’ 

uv 

vt 

ut 

£M 

£h 

frt _ 


Uncertainty  (%) 
4 
24 
11 

12 

4 

11 

12 

13 


taneous  streamwise  velocity  signals  were  first  investigated  to 
see  how  an  adverse  pressure  gradient  affects  these  signals  in 
comparison  to  the  effect  of  a  zero-pressure-gradien:  flow  (base¬ 
line).  The  baseline  case  was  conducted  by  Wang  et  al.  (1992, 
1996)  and  is  documented  in  detail  in  Keller’s  dissertation 
(1993).  The  signals  were  taken  at  the  y/S  location  where  the 
rms  streamwise  velocity  fluctuations  reach  a  maximum  in  the 
boundary  layer.  Figure  1  shows  representative  velocity  signals 
for  the  baseline  case  along  with  the  corresponding  intermittency 
(D  values  for  each  station.  These  intermittency  values  were 
determined  by  Keller  and  Wang  (1995)  by  using  uv  as  the 
criterion  function,  ( duv/dr )2  as  the  high-pass  filter,  and  the 
“dual-slope*  ’  method  on  cumulative  intermittency  distribution 
to  determine  the  appropriate  threshold  values.  The  intermittency 
value  is  zero  for  a  laminar  flow  and  1.0  for  a  fully  turbulent 
flow.  As  can  be  seen,  the  baseline  signals  show  low-frequencv 
oscillations  in  the  laminar  region  (stations  4  and  5).  These 
sinusoidal-like  oscillations  increase  in  magnitude  as  transition 
is  approached.  In  the  transition  region  (station  6),  there  are 
distinct  turbulent/nonturbulent  regions,  which  show  the  inter¬ 
mittent  passing  of  turbulent  spots  or  turbulent  wave  packets. 
After  the  spots  coalesce  into  the  fully  turbulent  region,  the 
velocity  signal  (station  13)  shows  high-frequency  fluctuations 
characteristic  of  a  zero-pressure-gradient  turbulent  boundary 
layer. 

In  comparison,  the  velocity  signals  for  the  adverse  pressure- 
gradient  cases,  Kl  =  -0.51  X  10~*  and  Kl  —  -1.05  X  10~6, 
are  shown  in  Figs.  2  and  3,  respectively.  Since  these  two  cases 
have  lower  free-stream  velocities  than  does  the  baseline  case, 
longer  time  frames  are  used  in  Figs.  2  and  3  in  order  to  ensure 
that  the  flow  travels  approximately  the  same  distance  as  the 
baseline  during  the  time  frame  presented.  For  the  Kl  case,  the 
transition  region,  determined  from  the  Stanton  number  distribu- 


Nomenclature 


K  =  acceleration  parameter  = 
(v/Ul)(dOjdx) 

Pr,  =  turbulent  Prandtl  number 
Rex  =  local  Reynolds  number 
T  ~  instantaneous  temperature 

=  r+r 

T  =  mean  temperature 
t  =  temperature  fluctuation 
t'  ~  rms  value  of  temperature  fluc¬ 
tuations 

U,  V  —  streamwise  and  cross-stream 
instantaneous  velocity 
U,  V  ~  mean  streamwise  and  cross¬ 
stream  mean  velocity  compo¬ 
nents 

u,  u,  w  =  instantaneous  velocity  fluctua¬ 
tions 


u\  v\  w'  =  rms  value  of  velocity  fluc¬ 
tuations 

Ucoo  -  free-stream  velocity  at  sta¬ 
tion  1 

Ur  =  friction  velocity  =  srj p 
U*  -  free-stream  velocity 
uv  =  Reynolds  shear  stress 
ut  =  streamwise  Reynolds  heat 
_  flux 

vt  =  cross-stream  Reynolds  heat 
flux 

x  =  streamwise  distance  from 
leading  edge 

y  =  normal  distance  from  wall 
Y  *  -  dimensionless  distance  from 
wall  =  yUJv 


6  =  boundary  layer  thickness  at 
0.995 

T  =  intermittency 
e„  =  turbulent  thermal  diffusivity 
=  - vt/(dT/dy )  _ 

eM  =  eddy  viscosity  =  —uvl(dzldy) 
tj  -  dimensionless  distance  =  (x  —  x3)f 

(*e  ~  Xs ) 

Subscripts 

30  =  free-stream  value 
e  =  end  of  transition 
s  *  start  of  transition 
w  =  at  the  wall 
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Fig.  1  Representative  velocity  signals  from  the  three-wire  probe  for  the 
baseline  case  taken  at  iC.  (U^  =  12424  m/s) 


tion  and  the  mean  velocity  profiles  in  Pan  1,  starts  just  after 
station  4  and  ends  between  stations  6  and  7.  The  nature  of  the 
velocity  signals  for  the  K\  case  are  different  from  those  for  the 
baseline  case  in  the  following  respects:  (c)  in  the  pretransition 
laminar  region,  no  obvious  oscillations  are  observed,  (b)  in  the 
transition  region  (stations  5  and  6),  there  are  no  distinct  turbu- 
lent/nonturbulent  regions  (or  intermittency )  as  were  found  for 
the  baseline  case,  and  (c)  in  the  turbulent  region,  the  frequencies 
of  the  velocity  fluctuations  are  lower  than  in  the  transition  region 
for  the  Kl  case,  whereas  for  the  baseline,  the  frequencies  of  the 
turbulent  fluctuations  are  maintained  at  about  the  same  level  as 
in  the  turbulent  wave  packets  of  the  baseline  transition  region. 
Amal  (1984)  showed  that  for  decelerated  flows,  the  instability 
waves  in  the  prctransition  region  are  smaller  and  look  similar 
to  those  for  a  zero-pressure  gradient.  However,  just  prior  to 
transition  onset  (1.5  cm  for  Amal.  1984).  the  unstable  waves 
can  reach  amplitudes  larger  than  those  for  a  zero-pressure  gradi¬ 
ent  In  the  current  study,  the  fast  change  from  pretransition 
laminar  to  transitional  flow  is  a  likely  reason  that  these  high- 
amplitude  waves  in  the  pretransition  region  were  not  captured. 

The  velocity  signals  for  the  K2  case  are  shown  in  Fig.  3. 
From  the  Stanton  number  distribution  and  the  mean  velocity 
profiles  in  Part  1,  transition  was  determined  to  start  after  station 
5  and  end  around  station  10.  In  the  pretransition  laminar  region 
(station  5),  only  very  weak  but  relatively  uniform  sinusoidal 
oscillations  are  seen.  In  the  early  (station  6)  to  midtransition 
region  (stations  7  and  8),  the  velocity  signals  are  obviously 
dominated  by  low-frequency  fluctuations.  However,  calculation 
indicates  that  these  seemingly  low  oscillation  frequencies  are 
much  higher  than  Tollmien-Schlichting  wave  frequencies  due 
to  die  low  free-stream  velocities  (£/*©  =  2.88  m/s).  Even  in 
the  turbulent  region,  the  velocity  signals  do  not  contain  the 
high-frequency  fluctuations  that  were  present  in  both  the  K\ 


case  and  the  baseline,  but,  similar  to  the  Kl  case,  the  frequencies 
of  the  velocity  fluctuations  in  the  turbulent  region  are  lower 
than  those  in  the  transition  region.  For  the  current  study,  velocity 
signals  across  the  boundary  layer  for  the  transition  region  were 
also  investigated  in  addition  to  those  at  u ^ .  However,  there 
was  not  any  appreciable  difference  in  characteristics  between 
the  signals  for  each  station. 

An  anempt  was  made  to  determine  the  intermittency  in  the 
transition  region;  however,  due  to  the  lack  of  distinguishable 
turbulent/nonturbulent  regions,  the  method  of  cumulative 
power  density  function  used  by  Hedley  and  Keffer  (1974). 
Kuan  and  Wang  (1990),  and  Keller  and  Wang  (1995)  for  de¬ 
termining  intermittency  gave  unreliable  results.  Even  at  stations 
located  far  downstream  in  the  turbulent  region,  this  method 
could  not  consistently  predict  an  intermittency  of  1.00  in  the 
inner  boundary  layer  because  some  patches  of  reduced  fluctua¬ 
tion  frequencies  were  mistakenly  selected  as  nonturbulent  re¬ 
gions  by  die  current  method.  These  lower  frequency  oscillations 
were  conjectured  to  be  partially  due  to  the  lower  free-stream 
velocities  (L7« *  =  8.13  m/s  for  Kl  and  U «*  =  2.88  m/s  for  K2). 
However,  Zhou  ( 1993)  used  free-stream  velocities  on  the  order 
of  2  m/s  with  FST1  between  3  and  5  percent  in  a  zero-pressure- 
gradient  flow  and  found  dear  turbulent/nonturbulent  regions, 
which  yielded  consistent  intermittency  results.  Therefore,  lower 
free-stream  velocities  may  be  less  a  cause  of  the  lack  of  distinc¬ 
tive  intermittency  than  are  the  adverse  pressure  gradients. 

This  raises  the  question  of  the  nature  of  natural  turbulent 
spots  (in  contrast  to  those  artificially  generated)  in  a  transitional 
boundary  layer  subjected  to  an  adverse  pressure  gradient.  Igara- 
shi  et  al.  (1988)  stated  that  they  had  observed  the  formation  of 
turbulent  spots  in  a  zero-pressure  gradient,  but  that  no  spots 
were  observed  in  the  largest  adverse  pressure  gradient  case  for 
all  of  the  free-stream  velodties  tested  (-8  to  35  m/s).  The 
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Fig.  2  Representative  velocity  signals  from  the  three-wire  probe  for  JC1 
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Fig.  3(a)  Velocity  signals  from  the  three-wire  probe  for  K2  taken  at  Fig.  3(b)  Velocity  signals  from  the  three-wire  probe  for  K2  taken  at 
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pressure  gradient  was  defined  based  on  the  half-angle  of  a  diver¬ 
gent  channel  (3.6  deg  for  the  largest  pressure  pidient),  and 
the  free-stream  velocity  distribution  was  approximately  linear. 
Amal  (1984)  also  showed  that  velocity  signals  recorded  in 
the  middle  of  the  transition  region  for  strong  adverse  pressure 
gradients  did  not  present  any  trace  of  turbulent  spots.  For  this 
current  study,  in  which  the  tests  were  conducted  under  a  con¬ 
stant  K  pressure  gradient,  there  also  are  no  clearly  defined  turbu- 
lent/nonturbulent  regions  in  the  velocity  signals. 

Knapp  and  Roache  (1968)  stated  that  there  are  physical  dif¬ 
ferences  between  the  development  of  vortex  trusses  in  zero  and 
adverse  pressure  gradients.  Since  the  initiation  of  turbulent  spots 
occurs  through  the  appearance  of  high-frequency  fluctuations 
near  the  heads  of  the  vortex  trusses  (or  hairpin  vortex  legs),  a 
change  in  the  development  of  these  trusses  could  possibly  affect 
the  development  of  turbulent  spots  through  the  transition  region. 
In  addition,  the  fact  that  an  adverse  pressure  gradient  causes 
transition  to  become  a  continuous  process  with  only  a  short 
hesitation  between  the  breakdown  of  wave  sets  may  “disguise” 
any  developing  turbulent  spots,  especially  for  stronger  gradi¬ 
ents.  For  the  current  results,  this  makes  the  calculation  of  inter- 
mittency  and  turbulent  spot  production  rate  unreliable.  There¬ 
fore,  a  nondimensional  length  scale,  77  =  (x  —  x,)/(xe  —  x,), 
will  be  used  in  order  to  reflect  the  relative  location  of  each 
station  within  the  transition  region  for  the  decelerating  cases 
(note:  77  <  0  indicates  the  pretransition  laminar  region  and  77 
>  1  indicates  the  posttransition  turbulent  region). 

Streamwise  Velocity  Fluctuations  («')•  The  streamwise 
evolution  of  u'  for  the  Kl  case  is  shown  in  Fig.  4.  The  zero- 
pressure  gradient  (baseline)  results  are  also  shown  for  the  sake 
of  comparison.  For  the  Kl  case,  the  change  of  u'  along  the 
streamwise  direction  in  the  pretransition  (or  late-laminar)  re¬ 


gion  appears  small  when  compared  with  the  baseline  case.  How¬ 
ever,  once  transition  starts,  the  production  of  u  ’  increases  faster 
than  in  the  baseline  case  (not  shown  here;  see  Wang  et  al., 
1996).  The  u'  reaches  a  maximum  value  of  about  16  percent 
at  station  5.  The  major  difference  in  the  u'  distribution  between 
the  baseline  and  the  Kl  case  is  the  broad  region  (10  £  Y~  s 
70)  in  which  the  u'  value  reaches  a  virtual  plateau  (15  ~  16 
percent)  in  contrast  to  the  sharp  peak  of  the  production  region 
for  the  baseline  case  near  Y*  —  20.  As  the  end  of  transition 
approaches,  the  «'  distribution  across  the  boundary  layer  be¬ 
comes  similar  to  that  of  the  baseline  but  with  magnitudes  about 
5  percent  higher  than  the  baseline  case  between  Y*  =  20  and 
y»  =  200  and  up  to  30  percent  higher  in  the  near-wall  region 

(Y*  <  20).  .  u 

The  streamwise  evolution  of  u'  IV*  for  the  K2  case  is  shown 
in  Fig.  5  in  wall  units.  As  for  the  Kl  case  in  Fig.  4,  in  the 
pretransition  region  the  change  of  u' III*  in  the  streamwise 
direction  is  smaller  and  is  of  lower  magnitude  than  the  baseline. 
However,  once  transition  starts,  there  are  two  distinct  peaks  of 
equal  magnitude  for  station  6  at  Y*  —1  and  Y*  =  30,  respec¬ 
tively.  These  peaks  develop  into  a  broad  region  of  relatively 
constant  u'  from  Y~  =  15  to  Y*  =  50  at  station  7  (77  =  0.40), 
which  is  similar  to  Kl  at  77  =  0.43.  In  the  turbulent  region 
(downstream  of  station  10),  the  near-wall  peak  of  u.'  IV*  at 
=  15  appears  to  still  be  changing,  while  from  T*  =  50  to  Y* 
=  200,  u’ IV*  does  not  vary  from  station  to  station.  Due  to  the 
lower  free-stream  velocity  ( U*q  =  2.88  m/s)  of  the  K2  case, 
more  stations  are  involved  in  the  transition  region,  and  measure¬ 
ments  with  the  three- wire  probe  can  reach  T*  -  5  due  to  the 
thicker  boundary  layer.  In  general,  «'/(/.  has  a  broader  spread 
of  elevated  values  across  the  boundary  layer  for  the  adverse 
pressure-gradient  cases  than  for  the  baseline  case. 
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Cross-Stream  Velocity  Fluctuations  (r').  The  cross- 
stream  evolution  of  vf  for  the  Kl  and  Kl  cases  is  shown  in 
Figs.  6  and  7,  respectively.  Tne  development  of  t'  for  the  ATI 
and  K2  cases  is  more  active  than  it  is  for  the  baseline.  Through¬ 
out  transition,  the  r  7  U*  values  of  the  decelerated  cases  continu¬ 
ally  exceed  the  corresponding  values  for  the  baseline  and  remain 
higher  into  the  turbulent  region.  In  the  turbulent  region  for  the 
baseline  case  (Fig.  6),  the  values  of  vf  for  40  <  Y*  <  200  are 
fairiv  constant,  with  a  value  of  3.7  percent  However,  for  the 
ATI  case,  such  a  region  of  constant  v '  values  is  only  seen  immedi¬ 
ately  after  the  end  of  transition  at  station  7  and  is  not  present 
in  the  Kl  cases  (Fig.  7).  Farther  downstream  into  the  fully 
turbulent  region,  a  similar  region  of  constant  v'  values  evolves 
into  a  distribution  with  decreasing  magnitudes  of  v*  toward  the 
wall  For  the  zero-pressure-gradiem  case,  the  evolution  of  v' 
reaches  its  maximum  value  in  the  middle  of  the  transition  region 
and  maintains  at  that  maximum  value  throughout  the  remaining 
transition  region  and  into  the  turbulent  region,  as  will  be  shown 
later  in  Fig.  8.  The  explanation  for  this  phenomenon  provided 
by  Kuan  and  Wang  ( 1990)  is  that  the  increased  turbulent  energy 
and  dissipation  reach  equilibrium  earlier  in  the  cross-stream 
direction  than  they  do  in  the  stream  wise  direction.  However,  in 
the  decelerated  cases,  the  vr  evolution  seems  to  be  correlated 
more  closely  with  die  u*  distribution.  It  can  be  seen  in  both 
Figs.  6  and  7  that  the  v7t/«  distribution  reaches  its  maximum 
value  at  station  5  (77  —  0.43)  for  the  AT  case  and  station  8(7?  = 
0.60)  for  die  Kl  case.  Then,  similar  to  w7£7»,  v7£/*  gradually 
decreases  to  its  fully  turbulent  value.  This  trend  of  development 
for  vf  indicates  the  significance  of  increased  magnitudes  of 
cross-stream  turbulence  energy  and  the  involvement  of  v'  in 
the  whole  transition  process. 

Tne  stream  wise  evolution  of  the  maximum  i/7£/«  and  v’/U* 
at  each  station  for  the  ATI  and  K2  cases  is  shown  in  Fig.  8. 
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Fig.  4  Streamwise  velocity  fluctuation  efistribution  for  Kl  =  -0.51  x 
10~*  in  wall  units 


Fig.  5  Streamwise  velocity  fluctuation  distribution  for  K2  *  -1.05  x 
10"*  in  wait  units 


The  decelerated  cases  seem  to  be  more  effective  in  transferring 
turbulence  energy  from  the  streamwise  direction  to  the  cross- 
stream  direction  in  the  transition  and  turbulent  regions.  That 
this  tutbulence  transfer  is  more  effective  is  evident  from  the 
higher  ria,  values  throughout  the  transition  for  both  the  Kl  and 
K2  cases  as  compared  to  the  baseline.  In  the  turbulent  region. 

increases  with  increased  adverse  pressure  gradients,  and 
for  the  stronger  adverse  pressure  gradient  (the  K2  case),  there 
is  less  reduction  in  from  the  transition  to  the  turbulent 
values.  Looking  at  ,  there  is  a  strong  increase  in  r '  in  the 
transition  region,  and  it  continues  to  be  higher  than  the  baseline 
case  into  the  turbulent  region.  It  is  also  plausible  that  the  in¬ 
creased  v’  values  may  not  indicate  a  passively  effective  energy 
transfer  from  w'  to  v  \  but  rather  they  indicate  an  active  produc¬ 
tion  of  turbulence  energy  in  the  cross-stream  direction. 

Reynolds  Shear  Stress  (kF).  The  distributions  of  the 
Reynolds  shear  stresses  for  the  ATI  and  Kl  cases  are  shown  in 
Figs.  9  and  10.  Baseline  Reynolds  shear  stress  distributions  at 
three  selected  stations  (at  the  onset  and  the  end  of  transition 
and  at  the  location  with  the  highest  u ' )  are  also  included  for 
comparison.  For  the  higher  adverse  pressure-gradient  case,  Kl 
in  Figure  10.  the  pretransition  turbulent  shear  stress  is  essen¬ 
tially  negligible.  However,  a  sharp  increase  in  the  turbulent 
shear,  about  410  percent  of  the  wall  shear,  occurs  a:  station  6 
(7?  =  0.20)  in  the  near- wall  region  at  =  7  with  a  second 
peak  forming  at  Y*  =  25  at  about  60  percent  of  the  wall  shear. 
At  locations  farther  downstream  within  the  transition  region, 
the  near-wall  maximum  turbulent  shear  somehow  reduces  in 
magnitude  while  the  turbulent  shear,  between  K+  =  10  and  Y  + 
=  100,  rises  significantly,  as  can  be  seen  at  station  7  (77  = 
0.40).  At  station  8  for  the  Kl  case  in  Fig.  10,  the  near-wall 
region  of  the  turbulent  shear  decreases  to  130  percent  of  the 
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Fig.  6  Cross-stream  velocity  fluctuation  distribution  for  Kl  =  — 0i51  x 
10  “•  in  wall  units 


wall  shear,  but  a  concentrated  high-turbulent  shear,  about  310 
percent  of  the  wall  shear,  appears  around  Y*  -  70,  which 
corresponds  to  the  region  of  maximum  turbulent  shear  at  station 
7  for  the  baseline  case.  It  seems  that  this  turbulent  shear  peak 
at  y+  =  70  corresponds  to  the  breakdown  of  the  rising  vortex 
tubes  away  from  the  wall,  and  that  this  is  the  same  mechanism 
that  induces  the  high-turbulent  shear  at  Y+  —  70  for  the  zero- 
pressure-gradient  case.  Therefore,  it  is  clear  that  the  early  near¬ 
wall  high-turbulent  shear  generated  at  Y*  =  7  at  station  6  and 
the  subsequent  spreading  of  turbulent  shear  from  station  6  to 
station  7  are  unique  characteristics  triggered  by  higher  adverse 
pressure  gradients. 

It  seems  that  not  until  the  later  stages  of  transition  does  the 
increased  turbulent  shear  away  from  the  wall  at  Y  *  =  70  impose 
on  the  wall  shear  and  affect  the  turbulent  shear  across  the  bound¬ 
ary  layer.  As  can  be  seen  in  Figs.  9  and  10,  in  contrast  to  the 
baseline  case,  neither  the  Kl  nor  the  K2  cases  have  a  region  of 
constant  turbulent  shear  in  the  fully  turbulent  boundary  layers, 
although  the  distribution  of  kv  at  station  13  for  K2  is  flatter  for 
y*  <  100  than  it  is  at  station  13  for  the  Kl  case  (Fig.  9).  For 
the  Kl  case  in  Fig.  9,  no  near-wall  high-turbulent  shear  (similar 
to  that  at  y  *  =  7  of  station  6  for  the  Kl  case )  is  observed  in 
the  transition  region,  whereas  the  typical  high  shear,  around  Y  * 
=  70,  reaches  500  percent  of  the  wall  shear.  This  may  be  caused 
by  either  (a)  a  short  physical  x  length  over  transition  due  to 
the  associated  higher  velocities  (C/« o  =  8.13  m/s)  so  that  the 
event  of  near- wall  high-turbulent  shear  was  not  captured  or  (b) 
the  fact  that  Kl  is  a  milder  adverse  pressure  gradient  than  K2 
so  that  the  near- wall  high-turbulent  shear  production  is  not  pro¬ 
nounced.  In  summary,  the  effect  of  the  adverse  pressure  gradient 
significantly  increases  turbulent  shear  production  throughout  the 
transition  region,  which  is  opposite  to  the  effect  of  favorable 
pressure  gradients  (Keller  and  Wang,  1996),  which  reduce  the 
ratio  of  turbulent  shear  over  wall  shear  in  comparison  to  the 
zero-pressure-gradient  case. 
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Fig.  7  Cross-stream  velocity  fluctuation  distribution  for  K2  =  -1.05  x 
10’*  in  wail  units 


rms  Temperature  Fluctuations  (*')•  The  distribution  of 
rms  temperature  fluctuations,  t\  is  shown  in  Fig.  11  for  the  K2 
case  only.  These  rms  values  are  normalized  by  Tw  -  T*  and  are 
presented  in  wall  units.  The  evolution  of  r'  for  the  K2  case 
during  transition  is  similar  to  that  of  u'  in  Fig.  5.  Two  peaks 
appear  in  r'  at  station  6  in  Fig.  11,  although  the  near- wall  peak 
at  y*  =  13  does  not  exactly  correspond  to  the  peak  position 
of  u’  (y~  =  7)  in  Fig.  5.  In  the  later  stages  of  transition,  the 
t '  distribution  at  station  8  maintains  a  nearly  constant  value  of 
12  percent  in  the  region  of  10  <  Y*  <  50  before  receding  to 
the  asymptotic  values  in  the  turbulent  boundary  layer  at  station 
13.  The  r'  values  in  the  turbulent  flow  are  larger  than  they  are 


Rg.  8  Distribution  of  maximum  velocity  fluctuations 
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Fig.  9  Reynolds  shear  stress  distribution  tor  K1  *  -031  x  10~*  in  wall  Fig.  11  RMS  temperature  cfistribution  for  KZ  ^  -1.05  x  10“*  in  wall 
units  unto 


for  both  fee  ATI  case  (not  shown,  see  Mislevy,  1993)  and  the  the  baseline  case,  fee  magnitude  of  the  peak  value  of  ut  in  the 

W  baseline  case  in  fee  near-wall  region.  For  the  K2  case,  the  t'  transition  region  is  approximately  17  times  greater  than  the  wall 

distribution  reaches  the  value  of  a  turbulent  flow  at  about  station  heat  flux,  while  for  favorable  pressure  gradients  it  is  20  times 
10  or  11.  The  development  of  t*  lags  behind  that  of  mean  greater  than  the  wall  heat  flux  (Keller  and  Wang,  1996).  How- 
temperature,  which  was  shown  in  Part  1  to  reach  fully  turbulent  ever,  for  the  K\  and  K2  cases  of  this  study,  the  peak  magnitude 
flow  at  station  9.  In  other  words,  the  evolution  of  rms  tempera-  is  only  five  to  six  times  greater  than  the  wall  heat  flux.  As  can 

ture  fluctuations  under  adverse  pressure  gradients  does  not  ap-  be  clearly  seen  in  Fig.  12,  ut  develops  twin  peaks  at  around  Y* 

pear  to  keep  up  with  that  of  the  mean  temperature.  Different  =  15  and  50  at  station  8  for  the  K2  case  and  migrates  toward 

^  from  fee  ur  distributions,  the  t *  distributions  in  the  turbulent  the  wall  in  late  transition. 

region  for  fee  K2  case  show  a  region  of  constant  value,  about  In  the  fully  turbulent  region  for  both  fee  ATI  and  K2  cases, 
10  percent  of  Tu  -  r»,  between  Y *  =  5  and  Y*  =  10.  Stronger  the  maximum  ut  occurs  closer  to  the  wall  at  Y"  -  15  with  a 

adverse  pressure  gradients  appear  to  produce  more  uniform  and  magnitude  that  is  about  three  times  greater  than  the  wall  heat 

higher  near-wall  temperature  fluctuations  in  the  transition  and  flux.  This  ut  value  is  larger  than  that  of  the  baseline  case.  In 

turbulent  regions.  comparison  to  fee  baseline  case  in  Fig.  12,  the  adverse  pressure 

„  .  ,  ^  _  „ ,  „  „  _  gradients  increase  the  near-wall  ut  in  fee  late-transition  and 

^  Stream  wise  and  Cross-Stream  Reynolds  Heat  Fluxes  (ut  regionSi  but  effect  on  ^  Reynolds  heat  fluxes 

and  vl)-  The  streamwise  Reynolds  heat  flux,  ut,  normalized  is  not  ^  g[tal  in  outer  boundary  layer  (Y*  >  30).  The 
by  the  wall  heat  flux,  is  shown  in  Fig.  12  for  the  K2  case.  For 


Fig.  12  Reynolds  streamwise  heat  flux  for  K2  -  -1.05  x  10"*  in  wall 
units 
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term  65 Tz/dx  from  the  energy  equation  for  a  two-dimensional, 
incompressible,  turbulent  boundary  layer  is  typically  considered 
to  be  negligible  in  a  fully  developed  turbulent  boundary  layer. 
However,  although  this  term  seems  to  be  a  significant  contribu¬ 
tor  in  the  transition  region  for  a  zero-pressure-gradient  flow,  as 
was  pointed  out  by  Keller  ( 1993),  it  appears  to  still  be  negligi¬ 
ble  for  transitional  boundary  layers  developing  under  adverse 
pressure  gradients. 

The  vr  are  shown  in  Fig.  13  for  the  K2  case.  For  the  adverse 
pressure-gradient  case,  vr  reaches  a  maximum  value  of  80  per¬ 
cent  of  the  wall  teat  flux  at  station  8  (r?  =  0.60  ).  This  peak 
value  of  vr  for  the  K2  case  occurs  in  the  transition  region  and 
is  about  twice  as  large  as  that  of  the  baseline  case.  However, 
in  the  turbulent  region,  the  magnitude  of  vr  is  about  the  same 
for  both  the  K2  and  the  baseline  cases.  Similar  to_the  effect  on 
ur,  increased  adverse  pressure  gradients  increase  vr  in  the  inner 
boundary  layer. 

Eddy  Viscosity  and  Turbulent  Thermal  Diffusivity.  The 
eddy  viscosity,  e*,  and  the  turbulent  thermal  difiusivity, 
normalized  by  their  molecular  counterparts,  are  shown  in  Fig. 
14  for  the  £2  case.  In  the  transition  region  for  the  K2  case,  the 
€U  develops  faster  with  respect  to  the  baseline  case  with  a  peak 
at  y/6  =  0.4  because  the  tM/v  ratios  at  17  =  0.6  have  peak 
values  similar  to  those  at  77  =  1.0,  whereas,  for  the  baseline 
case,  ej tiv  at  77  =  0 51  is  still  evolving  toward  higher  values  at 
77  =  1.0.  This  peak  remains  fairly  constant  in  magnitude  through 
the  turbulent  region,  although  the  eM  for  the  baseline  continues 
to  grow  in  the  turbulent  region  and  becomes  higher  than  the  eM 
for  K2  by  station  13.  In  the  transition  region,  the  tH  also  devel¬ 
ops  faster  than  for  die  baseline  case,  and  after  reaching  a  maxi¬ 
mum  at  yIS  a*  0.4,  it  remains  relatively  constant  across  the 
boundary  layer  with  no  distinct  peak  as  for  the  eM.  In  the  turbu¬ 
lent  region,  as  the  flow  moves  downstream,  the  eH  develops  a 
small  peak  between  y/6  =  0.4  ~  0.5.  Relative  to  the  same 
normalized  transition  length-scale  value,  77,  the  adverse  pressure 
gradient  seems  to  cause  an  earlier  and  more  rapid  increase  in 
the  development  of  the  and  the  e*  throughout  the  transition 
region  than  does  the  baseline.  Comparison  of  the  and  the  eH 
for  the  K2  case  shows  that  the  eM  increases  faster  to  its  maximum 
value  with  a  distinct  peak  at  y/6  =  0.4. 

As  also  seen  in  Fig.  14,  the  Pr,  for  the  K2  case  is  lower  than 
that  of  the  baseline  case  in  the  transition  region.  However,  in 
the  turbulent  region,  the  Pr,  for  the  K2  case  becomes  larger  and 
decays  slower  than  that  of  the  baseline  case.  The  Pr,  for  the 
adverse  pressure-gradient  case  appears  to  exhibit  a  larger  region 
of  relatively  constant  Pr,  value  than  does  the  baseline  case  in 
both  the  transition  and  the  turbulent  regions.  However,  as  men- 
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tioned  in  Part  1,  Blackwell  et  al.  ( 1972)  showed  that  stronger 
adverse  pressure  gradients  resulted  in  lower  Pr,  values  in  the 
turbulent  region.  Also,  using  the  slope  of  the  present  mean 
temperature  log-linear  region  gives  Pr,  -  0.71  in  Part  1.  This 
discrepancy'  is  likely  related  to  the  difficulty  in  experimentally 
measuring  accurate  vr  values.  It  should  be  noted  that  Blackwell 
et  al.  did  not  experimentally  measure  the  Pr,  but  determined  it 
by  assuming  a  constant  heat-flux  region  in  the  turbulent  bound¬ 
ary  layer  and  by  assuming  that  the  total  heat  flux  in  this  region 
was  equal  to  the  measured  wall  heat  flux.  By  subtracting  the 
molecular  heat  flux  from  the  total  teat  flux,  vt  was  obtained.  A 
detailed  discussion  and  comparison  of  this  method  and  experi¬ 
mentally  determined  vr  values  can  be  found  in  Keller  (1993). 
Further  research  is  required  to  specifically  investigate  the  Pr, 
measurements  and  to  resolve  the  discrepancy. 

Conclusion 

The  instantaneous  velocity  signals  taken  at  the  y/6  location 
where  u'  is  a  maximum  did  not  show  any  clear  turbulent/ 
nonturbulenr  demarcations  in  the  transition  region.  As  a  result, 
reliable  intermittency  values  could  not  be  obtained.  It  seems 
that  stronger  adverse  pressure  gradients  affect  and  disguise  the 
production  of  turbulent  spots.  In  fact,  even  under  weak  adverse 
pressure  gradients,  the  magnitude  of  the  waves  can  be  of  the 
same  order  as  the  magnitude  of  the  turbulent  spots,  making  the 
determination  of  a  threshold  value  difficult. 

The  ur  for  the  Kl  and  K2  cases  exhibited  a  broad  region 
(from  Y*  **  10  to  65)  in  which  the  u '  value  reached  a  virtual 
plateau  in  the  transition  region  in  contrast  to  a  peak-production 
region  for  the  zero-pressure-gradient  baseline  case  near  = 
20.  The  development  of  u'  for  the  adverse  pressure  gradients 
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was  more  active  than  that  of  the  baseline.  The  v'/U*  values  for 
the  decelerated  cases  increased  distinctively  to  approximately 
twice  the  baseline  value  near  the  onset  of  transition  and  continu¬ 
ally  exceeded  the  baseline  values  throughout  the  transition  and 
turbulent  regions.  The  application  of  an  adverse  pressure  gradi¬ 
ent  is  apparently  effective  in  transferring  turbulence  energy 
from  the  stream  wise  direction  to  the  cross-stream  direction  in 
the  transition  region. 

The  Reynolds  shear  stress  distribution  in  the  early  transition 
region  for  the  stronger  adverse  pressure  gradient  (K2  =  -LOS 
X  10~*)  showed  a  near- wall  region  of  high-turbulent  shear 
generated  at  Y  *  =  7.  At  locations  farther  downstream,  this  near- 
wall  shear  reduced  in  magnitude,  while  a  second  region  of  high 
shear  developed  at  Y*  =  70.  For  the  baseline  case,  however, 
the  turbulent  shear  in  the  transition  region  was  generated  ax  Y+ 
~  70,  and  no  near-wall  high-shear  region  was  seen. 

_The  peak  magnitude  of  the  streamwise  Reynolds  hea:  flux 
(ut)  in  the  transition  region  for  the  decelerated  cases  was  found 
to_be  about  a  third  of  that  for  the  baseline  case.  The  term 
dut/dx  (from  the  turbulent  two-dimensional  energy  equation) 
is  less  significant  in  the  transition  region  when  the  boundary 
layer  develops  under  decelerated  conditions  than  under  a  zero- 
pressure  gradient  However,  in  the  late-transition  and  turbulent 
regions,  the  adverse  pressure  gradients  caused  an  increase  in 
the  near-wall  ut.  The  5?  values  in  a  decelerated  transitional 
boundary  layer  are  higher  than  those  in  the  baseline  case. 

Both  the  eM  and  the  tH  developed  faster  in  the  Kl  and  K2 
cases  than  they  did  in  the  baseline  cases  and  reached  equilibrium 
values  in  the  middle  of  the  transition  region.  However,  the  eM 
and  the  e*  of  the  baseline  case  eventually  outgrew  the  equilib¬ 
rium  values  of  the  eM  and  the  e*  in  the  later  pan  of  the  deceler¬ 
ated  transitional  flow  and  maintained  these  higher  values  in  the 
zero-pressure-gradient  turbulent  boundary  layer. 
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Effects  of  leading-edge  roughness  on  fluid  flow 
and  heat  transfer  in  the  transitional  boundary  layer 

over  a  flat  plate 
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Abstract — An  experimental  study  was  undertaken  to  gain  insight  into  the  physical  mechanisms  that  affect 
the  laminar-turbulent  transition  process  downstream  of  the  leading-edge  roughness  condition.  Sandpaper 
strips  and  small  cylinders  were  attached  to  the  leading  edge  of  a  heated  test  surface  to  simulate  leading 
edge  roughness  typical  of  gas  turbine  blades.  The  roughness  Reynolds  numbers  ranged  from  2  to  2840. 

For  free-stream  velocities  less  than  5  m  s'1,  the  maximum  roughness  height  was  the  primary  contributor 
to  deviations  from  the  undisturbed  case,  irrespective  of  the  roughness  geometry.  At  higher  free-stream 
velocities  (5-7  m  s'1),  three  of  the  rough  leading-edge  conditions  induced  a  dual-slope  region  between  the 
laminar  and  turbulent  Stanton  number  correlations.  Boundary  layer  measurements  indicated  that  the  first 
segment  of  the  dual-slope  was  laminar,  but  the  wall  heat  transfer  significantly  deviates  from  the  laminar 
correlation.  The  second  segment  was  transitional.  The  dual-slope  behaviour  and  a  waviness  in  the  Stanton 
number  distribution  observed  at  higher  free-stream  velocities  are  believed  to  have  been  caused  by  nonlinear 
amplification  caused  by  the  finite  disturbances  at  the  leading  edge.  ©  1997  Elsevier  Science  Ltd. 


INTRODUCTION 

The  raising  of  operating  temperatures  to  increase 
overall  turbine  efficiency  has  led  to  the  need  for  accu¬ 
rate  assessment  of  thermal  loads  in  the  turbine.  Tur¬ 
bine  blades  experience  significant  thermal  loading, 
and  Mayle  [1]  and  Hodson  et  al  [2]  indicated  that  it 
is  common  for  over  half  of  the  flow  surrounding  the 
turbine  blades  to  experience  laminar-turbulent  tran¬ 
sition,  particularly  in  low  pressure  turbines.  A  better 
understanding  of  the  physical  mechanisms  involved 
in  the  transition  process  is  therefore  desirable  so  that 
a  more  accurate  assessment  of  the  turbine  blade  tem¬ 
perature  variations  can  be  made  possible  through 
improved  models  of  transitional  heat  transfer. 

Of  the  many  factors  that  can  influence  laminar- 
turbulent  transition,  the  effect  of  leading-edge  rough¬ 
ness  on  the  process  has  not  been  clearly  determined, 
particularly  with  regard  to  heat  transfer  behavior.  Sur¬ 
face  roughness  can  be  significant  to  turbine  vanes  and 
blades  in  many  ways,  especially  in  a  high  pressure 
turbine.  A  study  by  Taylor  [3]  that  measured  the  sur¬ 
face  roughness  characteristics  of  two  used  (i.e.,  blade 
surfaces  had  been  degraded  as  a  result  of  “in-service” 
use)  turbine  blades  indicated  the  following : 


t  Author  to  whom  correspondence  should  be  addressed. 


(1)  Roughness  is  usually  greatest  at  the  leading  edge 
of  the  blade. 

(2)  Roughness  consists  of  a  relatively  uniform  dis¬ 
tribution  with  a  few'  isolated  peaks,  according  to 
a  statistical  analysis. 

The  second  observation  made  in  Taylor’s  study  was 
based  on  the  large  positive  value  of  kurtosis  (~  10;  a 
zero  value  represents  a  Gaussian  distribution)  found 
in  the  study.  Such  large  values  of  kurtosis  indicate 
that  the  structure  of  the  roughness  samples  used  in 
the  study  tended  to  have  a  few  isolated  peaks. 

Roughness  can  also  be  significant  to  new  turbine 
blades  because  a  coating  may  have  been  added  to  the 
blade  to  enhance  its  life  characteristics  by  increasing 
resistance  to  erosion  and  high  temperatures.  The 
addition  of  the  coating  to  the  blade  can  leave  the 
surface  significantly  rougher  than  an  uncoated  blade. 
Boynton  et  al.  [4]  demonstrated  that  the  overall 
efficiency  of  a  turbine  with  new  spray-coated  blading 
HO.  16  pim  rms  roughness)  was  2.1  percentage  points 
lower  than  when  polished  blading  was  used  (0.76  fi m 
rms  roughness).  Blair  [5]  also  showed  that  increasing 
the  surface  roughness  by  an  order  of  magnitude  dou¬ 
bled  the  heat  transfer  between  the  flow  and  the  blades. 
Also,  unnecessary  design  constraints  may  be  imposed 
as  safety  factors  to  anticipate  the  unknown  effects  of 
roughness.  The  characteristics  of  leading-edge  rough¬ 
ness  described  by  Taylor  and  the  unknown  effects  of 
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NOMENCLATURE 


FSTI  free-stream  turbulence  intensity 

v  df/x 

K  acceleration  parameter  =  —7 

LEC  leading-edge  condition  ^  * 

Pr  Prandtl  number 

Re{  Rex  marking  the  onset  of  dual-slope 

behavior  in  the  St  distribution 
Re 2  Rex  marking  the  onset  of  the  second 

slope  in  the  dual-slope  St  behavior 
Rex  local  Reynolds  number  —  L'r_x!v 

St  local  Stanton  number 

Ux  free-stream  velocity 

U+  U,  li¬ 
lt'  RMS  streamwise  velocity  fluctuation 

«T  friction  velocity,  y/rjp 

uv  lime-averaged  Reynolds  shear  stress 

vt  time-averaged  Reynolds  cross-stream 

heat  flux 


x  streamwise  distance  from  the  leading 

edge  of  the  heated  test  surface 
^uhsl  streamwise  unheated  starting  length 
(2.5  cm  for  this  study) 
y  coordinate  normal  to  test  surface 

r+  yUJv. 

Greek  symbols 

3  boundary  layer  thickness  at  0.99 5UK 

3*  displacement  thickness 


p  density 

tw  shear  stress  on  the  test  surface 

v  kinematic  viscosity. 


gas  turbine  blade  roughness  on  fluid  mechanics  and 
heat  transfer  suggest  the  need  to  understand  the  influ¬ 
ence  of  leading-edge  roughness  on  transitional  heat 
transfer  behavior. 

Early  work  on  the  relationship  between  roughness 
and  transition  has  been  concerned  with  the  location 
of  the  onset  of  transition,  usually  defined  by  using 
flow  visualization  or  by  a  sudden  change  in  the  total 
pressure  near  the  test  surface  as  the  maximum  rough¬ 
ness  height  changes.  Fage  and  Preston  [6]  reported 
that  as  roughness  height  increased,  the  transition 
point  moved  progressively  closer  to  the  physical 
location  of  the  roughness  element  disturbing  the  flow. 
Dryden  [7]  suggested  that  roughness  elements  tend  to 
destabilize  the  boundary  layer  flow  and  that  there  may 
be  a  connection  between  the  instability  induced  by 
the  roughness  element  and  classical  stability  theory. 
Klebanoff  and  Tidstrom  [8]  examined  the  possible 
connection  to  stability  theory.  Their  results  indicated 
that  the  presence  of  roughness  elements  in  the  laminar 
region  of  the  boundary  layer  magnified  the  amplitude 
of  the  Tollmien-Schlichting  oscillations  present  in  the 
early  transitional  boundary  layer.  However,  the 
region  of  frequencies  amplified  were  still  within  the 
range  of  Tollmien-Schlichting  wave  frequencies  pre¬ 
dicted  by  linear  stability  theory. 

Many  studies  detailing  the  response  of  the  momen¬ 
tum  boundary  layer  to  changes  in  surface  roughness 
have  been  conducted,  but  they  have  been  limited  to 
the  response  of  the  fully  turbulent  boundary  layer  to 
surface  perturbations.  The  study  performed  by  Jacobs 
[9]  indicated  that  while  velocity  profiles  responded 
slowly  to  a  change  in  surface  roughness,  a  distinct 
change  in  velocity  profile  was  noted.  KJebanoff  and 
Diehl  [10]  showed  that  different  kinds  of  roughness 
covering  the  initial  portion  of  an  otherwise  smooth 


test  surface  produced  different  boundary  layer  struc¬ 
tures  on  the  surface  downstream  of  the  roughness.  If 
sandpaper  roughness  was  used,  the  velocity  profiles 
gradually  reattained  self-similar  behavior  and  the 
energy  spectra  indicated  a  boundary  layer  flow  very 
close  to  that  of  a  turbulent  boundary  layer  formed  due 
to  natural  transition.  However,  if  span  wise  cylinders 
were  used  to  disturb  the  flow,  the  velocity  profiles 
required  a  much  greater  streamwise  distance  to  ach¬ 
ieve  self-similar  behavior,  and  the  energy'  spectra  indi¬ 
cated  a  concentration  of  energy  in  the  lower  frequency 
range. 

Other  studies  by  Antonia  and  Luxton  [11,  12]  and 
Androepoulos  and  Wood  [13]  suggested  that  bound¬ 
ary  layer  flow  responds  to  a  change  in  the  surface 
roughness  in  a  gradual  progression  from  the  near-wall 
region  that  eventually  expands  to  cover  the  entire 
thickness  of  the  layer.  The  growth  of  the  inner  layer 
was  observed  through  variations  in  normalized  vel¬ 
ocity  profiles.  Antonia  and  Luxton  suggested  that  the 
presence  of  the  inner  layer  made  local  similarity  inap¬ 
plicable.  based  on  the  results  of  a  turbulent  kinetic 
energy  balance. 

Studies  of  heat  transfer  behavior  resulting  from  sur¬ 
face  roughness  characteristics  have  been  examined, 
but,  as  before,  the  studies  have  been  limited  to  the 
fully  turbulent  flow  regime.  Ligrani  et  ai  [14]  and 
Taylor  et  ai  [15]  obtained  similar  results  of  increasing 
heat  transfer  with  increasing  roughness,  and  a  more 
recent  study  by  Taylor  et  ai  [16]  showed  that  a  step 
change  from  a  rough  surface  to  a  smooth  one  causes 
a  reduction  in  heat  transfer.  The  Stanton  number 
downstream  of  the  change  to  a  smooth  surface  initially 
decreases  to  a  value  below  the  smooth-wall  value: 
then  the  values  asymptotically  recover  the  smooth 
wall  values. 
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The  addition  of  rough-surface  coatings  to  new  gas 
turbine  blades  and  the  observed  nature  of  roughness 
on  used  gas  turbine  blades  suggests  the  need  for  an 
investigation  of  surface  roughness  effects  on  turbine 
blade  heat  transfer.  The  significant  region  of  tran¬ 
sitional  flow  surrounding  the  rough  turbine  blades 
and  the  apparent  lack  of  detailed  information  regard¬ 
ing  heat  transfer  over  rough  surfaces  also  suggest  that 
experimental  work  in  this  area  will  contribute  to  the 
overall  effort  to  understand  heat  transfer  around  tur¬ 
bine  blades. 

The  effect  of  leading-edge  roughness  on  an  actual 
gas  turbine  blade  is  undoubtedly  a  function  of  the 
shape  of  the  blade  (leading-edge  curvature)  and  the 
gas  turbine  environment  (high  turbulence  intensity, 
strong  acceleration,  film  cooling  etc.).  In  order  to  fun¬ 
damentally  understand  the  leading-edge  effect  on  flow 
structure  and  heat  transfer,  this  study  focuses  on  flat 
plate  roughness.  The  other  parameters  will  be  con¬ 
sidered  later.  Hence,  this  study  may  not  be  directly 
applicable  to  gas  turbine  design,  but  it  has  the  poten¬ 
tial  for  improving  the  understanding  of  the  roughness 
effect  on  heat  transfer  in  the  more  complicated 
environment  of  the  gas  turbine. 


EXPERIMENTAL  PROGRAM 


Test  facility 

The  test  facility  used  is  an  open  circuit,  blowing- 
type  wind  tunnel  [see  Fig.  1(a)].  Air  enters  the  system 
by  passing  through  a  filter  designed  to  remove  all 
particulate  larger  than  5  pan.  A  honeycomb  passage  is 
used  to  straighten  the  flow  and  a  heat  exchanger  which 
is  used  to  control  the  steadiness  of  the  free-stream 
air  temperature  to  within  0.5°C.  Suction  is  employed 
upstream  of  the  test  surface  to  facilitate  the  formation 
of  a  boundary  layer  from  zero  thickness  at  the  elliptic 
leading  edge.  The  test  section  is  a  channel  that  mea¬ 
sures  2.4  m  in  the  streamwise  (jc)  direction,  0.92  m  in 
the  spanwise  (z)  direction  (parallel  to  the  leading 
edge),  and  0.15  m  in  the  cross-stream  (,y)  direction 
(moving  away  from  the  heated  test  surface).  The  span- 
wise  to  cross-stream  ratio  of  6  was  determined  to  be 
sufficient  to  generate  an  approximately  two-dimen¬ 
sional  (2-D)  boundary  layer  along  the  centerline  of 
the  0.92  by  2.4  m  test  surface.  Measurements  made  by 
Keller  [17]  with  the  test  facility  indicated  that  laminar 
and  turbulent  portions  of  the  boundary  layer  were 
uniform  20  cm  above  and  below  the  test  surface 
centerline  in  the  spanwise  direction.  The  three-dimen¬ 
sionality  of  the  transition  portion  reduced  the  span- 
wise  uniformity  to  8  cm  above  and  below  the  cent¬ 
erline.  For  the  purposes  of  the  current  study  all 
measurements  on  the  surface  and  within  the  boundary 
layer  were  made  along  the  centerline  of  the  test 
surface. 

The  test  surface  is  a  composite  design  consisting  of 
several  layers  [see  Fig.  1(c)].  Each  of  the  layers  shown 
in  Fig.  1  (c)  is  uniform  and  continuous  over  the  entire 
area  of  the  test  surface.  The  foil  heater,  custom- 
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Fig.  1.  (a)  Wind  tunnel  test  facility;  (b)  thermocouple 
locations  on  heated  test  wall :  (c)  cross-section  of  heated  test 
surface. 


designed  by  Electrofilm  Inc.,  has  heating  elements 
covering  90%  of  the  heater  surface  area.  The  foil 
heating  element  is  covered  by  a  silicon  rubber  coating 
with  a  1.56  mm  sheet  of  aluminum  vulcanized  to  one 
side.  A  layer  of  3M-41 3  tape  attached  to  the  other  side 
of  the  aluminum  sheet  contains  184  E-type  ther¬ 
mocouples  (bead  diameter:  0.076  mm)  distributed 
over  the  entire  test  surface,  as  shown  in  Fig.  1  (b).  The 
thermocouple  beads  are  positioned  such  that  they  are 
in  contact  with  the  inner  side  of  a  1.56  mm  Lexan 
sheet  The  outer  side  of  the  Lexan  forms  the  outer 
layer  of  the  test  surface,  which  is  in  contact  with  the 
free-stream  air  within  the  test  section.  The  quality 
of  the  surface  smoothness  was  that  of  the  standard 
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smoothness  for  commercially  available,  optically  clear 
Lexan.  The  other  side  of  the  foil  heater  is  supported 
by  a  4.68  mm  Lexan  sheet  which,  in  turn,  is  insulated 
with  30  cm  of  R-30  fiberglass. 

The  2.4  by  0.92  m  channel  wall  opposite  the  heated 
test  surface  is  flexible  to  allow  for  adjustment  of  the 
streamwise  pressure  gradient.  For  the  purposes  of  this 
study,  this  “outer  wair  was  adjusted  to  accommodate 
the  growth  of  the  boundary  layer  so  that  the  stre¬ 
amwise  pressure  coefficient  varied  less  than  1%.  In 
addition,  the  outer  wall  contains  fourteen  holes  (2.54 
cm  in  diameter)  along  the  centerline,  as  shown  in  Fig. 
1 .  The  first  hole,  called  station  1 ,  is  located  20  cm  from 
the  leading  edge  of  the  test  surface,  and  subsequent 
holes  or  stations  are  spaced  15  cm  from  each  other. 
These  stations  permit  the  structure  of  the  boundary 
layer  to  be  measured  as  it  develops  in  the  streamwise 
direction.  Additional  information  concerning  the 
design  of  th§.  wind  tunnel  and  the  composite  heated 
test  surface  is  provided  in  Kuan  [18]  and  Zhou  [19]. 


Roughness  conditions 

Taylor’s  [3]  study  indicated  that  the  leading  edge  of 
a  gas  turbine  blade  is  usually  the  roughest  area  of 
the  blade  and  that  the  rough  regions  contain  isolated 
peaks.  Based  on  these  results,  the  present  study  used 
a  sandpaper  strip  placed  at  the  leading  edge  of  the 
test  surface  to  simulate  the  roughened  leading-edge 
condition.  The  strips  of  sandpaper  were  5  cm  long 
in  the  streamwise  direction  and  covered  the  entire 
spanwise  length  of  the  leading  edge.  The  isolated  peak 
nature  of  the  roughness  was  investigated  separately, 
using  cylinders  placed  at  the  leading  edge.  Only  one 
cylinder  was  attached  to  the  leading  edge  at  a  time, 
and  like  the  sandpaper  strips,  the  cylinder  length  span¬ 
ned  the  entire  leading  edge. 

To  determine  the  appropriate  scale  of  the  leading- 
edge  roughness  and  the  appropriate  free-stream  vel¬ 
ocity  in  the  test  section,  information  concerning  these 
parameters  in  gas  turbine  engines  was  obtained.  Tay¬ 
lor’s  [3]  measurements,  using  two  types  of  turbine 
blades,  indicated  roughness  heights  between  1.46  and 
10.7  gn i.  Elovic  [20]  suggested  a  roughness  range  from 
1.32  to  12.7  gm  and  also  a  unit  Reynolds  number, 
Ui\\  of  2.76  x  107  m"1  as  being  typical  around  a  tur¬ 
bine  blade.  A  detailed  study  involving  measurements 
on  58  used  blades  ( from  both  military  and  civilian 
aircraft)  conducted  by  Tarada  [21]  indicated  rough¬ 
ness  values  ranging  from  2  to  161  gm.  Using  the  unit 
Reynolds  number  provided  by  Elovic  and  the  reported 
roughness  values,  a  range  in  roughness  Reynolds 
number  was  established  and  is  shown  in  Fig  2.  Also 
shown  in  Fig.  2  are  the  grain  sizes  of  the  sandpaper 
strips  (in  grains  per  linear  inch-GRIT  or  number  of 
grains  per  25.4  mm)  and  the  cylinder  diameters  (in 
inches  i.e.  0.030  =  0.030  in  -  0.762  mm)  used  to  con¬ 
duct  this  study.  The  range  in  roughness  Reynolds 
number  shown  for  the  cylinders  and  sandpaper  was 
determined  by  using  the  maximum  (19.5  m  s~‘)  and 
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Fig.  2.  Representative  roughness  Reynolds  numbers  of 
blades  from  in-service  engines  and  the  range  covered  by  the 
present  study. 

minimum  (2.87  m  s"1)  free-stream  velocities  obtained 
in  the  test  facility. 

A  simple  model  was  used  to  estimate  the  average 
roughness  height  of  the  sandpaper.  The  GRIT  speci¬ 
fication  was  used  as  an  indicator  of  roughness  height. 
For  example,  the  1200  GRIT  sandpaper  specification 
suggests  that  each  grain  is  approximately  21.2  gm  in 
length.  Assuming  that  each  grain  is  hemispherical  and 
that  the  backing  paper  is  completely  covered  with 
grains,  the  height  of  each  particle  is  half  the  length,  or 
10.6  gm  in  this  case.  This  method  of  height  estimation 
was  used  for  all  of  the  sandpaper  cases  shown  in  Fig. 
2.  The  cylinder  diameters  were  directly  measured  using 
a  micrometer. 

Elmer’s  all-purpose  glue  was  used  to  attach  the 
cylinders  to  the  leading  edge  of  the  plate.  The  bead 
was  evenly  distributed  underneath  the  cylinder  on  the 
side  closest  to  the  leading  edge.  A  strip  of  double¬ 
sided  tape  was  used  to  attach  the  sandpaper  strips  to 
the  leading-edge  of  the  plate.  Consideration  of  the 
sandpaper/double-sided  tape  combination  suggested 
that  the  bluff  shape  of  the  tape  and  the  sandpaper 
backing  might  influence  the  results  in  such  a  way  as 
to  obscure  the  effect  of  the  actual  grain  roughness  of 
the  sandpaper.  Hence,  specific  tests  with  this  bluff- 
body  leading-edge  condition  were  added  to  the  test 
pattern  by  attaching  a  single-sided  strip  of  tape  5  cm 
long  in  the  streamwise  direction  with  a  cross-stream 
height  of  0.5  mm.  The  eight  leading-edge  conditions 
are  summarized  in  Table  1. 


Table  I.  List  of  leading  edge  conditions 


Condition 

Size 

Cylinder 

0.762  mm  (0.030  in) 

(Diameter) 

1.59  mm  (0.0625  in) 

2.31  mm  (0.091  in) 

Sandpaper 

40  GRIT 

180  GRIT 

1200  GRIT 

Sandpaper  backing  ~  0.4  mm 

Bluff  shape 

Smooth  tape  (0.5  mm) 
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Table  2.  Resultant  uncertainties  in  experimental  values 


Quantity 

Uncertainty 

Quantity 

Uncertainty 

St 

4.0% 

U 

1.6% 

£ 

0.1%  CC) 

7.1% 

uv 

11.9% 

vt 

21.0% 

Boundary  layer  probes 

A  single  hot  wire  and  a  custom-made,  three-sensor 
wire  were  used  in  this  study  to  obtain  estimates  of 
velocity  and  temperature  variation  in  the  boundary 
layer.  The  single-wire  boundary  layer  probe  was  a  4 
micron  tungsten  wire  configured  in  a  standard  TSI 
model  1218-T1.5.  The  three-sensor  boundary  layer 
probe  consisted  of  two  2.5  pm,  platinum-coated  hot 
wires  in  an  X-^jray  operated  in  constant  temperature 
modes  and  a  platinum  1.2  pm  cold  wire  operated  in  a 
constant  current  mode.  Due  to  the  extremely  close 
spacing  between  the  three  sensors  (0.35  mm),  rela¬ 
tively  low  overheats  were  used  during  probe  operation 
to  limit  “cross-talk”  between  the  sensors.  The  two 
constant  temperature  sensors  were  operated  with 
overheat  ratios  of  1.43  and  1.66,  and  the  constant 
current  sensor  was  operated  at  0.1  mA.  The  three¬ 
sensor  probe  was  used  to  measure  local  «,  v  and  t 
variations  simultaneously.  The  velocity  and  tem¬ 
perature  signals  were  sampled  at  2  kHz  (analog  low- 
pass  filtered-cut-off  frequency  I  kHz)  for  20  s  at  each 
measurement  location.  Additional  information  con¬ 
cerning  the  probe  design  and  qualification  are  given 
in  Shome  [22]  and  Wang  et  al.  [23]. 

Data  reduction 

The  surface  heat  transfer  results  presented  in  this 
paper  are  shown  in  terms  of  the  local  Stanton  number. 
The  fluid  properties  are  evaluated  at  free-stream  con¬ 
ditions,  with  corrections  made  for  relative  humidity 
effects.  The  heat  flux  to  the  free-stream  was  deter¬ 
mined  by  subtracting  the  back  loss,  the  radiation  loss 
and  the  streamwise  conduction  loss  from  the  mea¬ 
sured  power  input.  The  energy  balance  described 
above,  was  applied  to  a  2.5  x  2.5  cm  area  of  the  1.56 
mm  lexan  layer  of  the  test  surface  [see  Fig.  1  (c)] ;  then 
the  surface  temperature  was  calculated  by  correcting 
each  measurement  obtained  from  the  thermocouples 
embedded  in  the  test  surface.  The  free-stream  velocity 
was  measured  by  using  a  micro-manometer  connected 
to  a  Pitot  tube.  Finally,  the  free-stream  temperature 
was  measured  by  a  calibrated  thermocouple  with  cor¬ 
rections  for  recovery  and  compressibility  effects.  The 
methodology  of  heat  transfer  measurement  outlined 
above  and  the  associated  uncertainty  analysis  was 
similar  to  those  discussed  in  Wang  and  Simon  [24].  A 
detailed  uncertainty  analysis  was  conducted  by  Pinson 
[25],  using  the  procedure  set  forth  by  Kline  and 
McClintock  [26]  and  Moffat  [27].  The  resultant  uncer¬ 
tainties  are  listed  in  Table  2. 

The  single  hot  wire  and  the  X-array  of  hot  wires  in 


the  three-sensor  probe  were  corrected  for  the  effects 
of  varying  temperature  as  suggested  by  Chua  and 
Antonia  [28].  The  three-sensor  probe  was  corrected 
by  using  instantaneous  temperature  fluctuations,  and 
the  single-wire  probe  measurements  were  corrected  by 
using  mean  free-stream  temperatures.  Following  the 
method  of  LaRue  et  al.  [29],  Wang,  et  al.  [23]  con¬ 
cluded  that  velocity  correction  of  the  cold  wire  in 
the  three-sensor  probe  was  unnecessary.  Additional 
demils  on  the  data  reduction  process  and  the  exper¬ 
imental  procedure  for  this  study  are  documented  in 
Pinson  [25]. 


RESULTS  AND  DISCUSSION 

Undisturbed  cases 

The  surface  heat  transfer  distributions  (normalized 
in  terms  of  the  Stanton  number  and  the  local  Reynolds 
number)  of  the  undisturbed  cases  are  shown  in  Fig.  3. 
The  laminar  and  turbulent  correlations,  obtained 
from  Kays  and  Crawford  [30],  presented  in  the  figure 
compensate  for  the  unheated  starting  length  of  a  uni¬ 
formly  heated  test  surface,  and  are  of  the  form 

Seminar  =  QA53Pr~a61  Re~05 

[/V  \0. 75-1-0.333 

,-(5=)  ]  a, 

and 

S'tvrbuleht  =  0.0287/*-°- 4  Re’02 

«KW'  <2) 

The  initial  portions  of  all  the  cases  shown  begin  with 
a  trend  that  follows  the  laminar  unheated  starting- 
length  correlation,  and  then  they  deviate  from  the  cor¬ 
relation  at  various  Reynolds  numbers,  Rex,  because  of 
the  laminar-turbulent  transition.  The  minimum  local 
Stanton  number  for  the  2.72  m  s-1  case  occurs  at  an 
Rex  of  2.24  x  105.  Increasing  the  free-stream  velocity, 
Lrx  to  4.89  m  s'"1  delays  the  onset  of  transition  to 
an  Rex  of  3.59  x  105.  The  onset  of  transition  for  the 
undisturbed  case  is  defined  here  as  the  location  where 
St  reaches  a  minimum  and  starts  to  deviate  from  the 
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Fig.  3.  Local  surface  heat  transfer  of  the  undisturbed  case  at 
various  free-stream  velocities. 
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Fig.  4.  Comparison  of  local  Stanton  number  measurements  between  the  undisturbed  case  and  the  cvlinder 
leading  edge  conditions:  (a)  Ux  =  2.9  m  s'1 ;  (b)  Cfx  *  5  ms’1;  (c)  Crx  =  7m  s~l ;  (d)  £/«,  =  12  m  s"1. 


laminar  correlation.  This  trend  of  delayed  transition 
with  increased  £/x  continued  until  the  free-stream  vel¬ 
ocity  reached  15.5  m  s'1.  The  delay  in  the  onset  of 
transition  between  2.72  and  15.5  m  $"!  is  believed 
to  be  the  result  of  decreasing  free-stream  turbulence 
intensity  (FSTI),  which  was  measured  during  the 
experiments.  The  FSTI  of  the  2.72  ms"1  case  is  1.1% 
and  the  FSTI  of  the  7.62  m  s'1  case  is  0.4%. 

Inaccuracies  in  the  estimation  of  the  radiant  heat 
loss  from  the  heated  test  surface  could  have  caused 
the  observed  discrepancies  between  the  laminar  data 
and  the  laminar  correlation.  The  emissivity  (a  value 
of  0,5  was  used)  of  the  heated  test  surface  was  the 
primary  uncertainty  in  the  radiant  heat  loss  calcu¬ 
lation.  Although  the  deviation  from  the  correlation  is 
significant  in  the  laminar  region,  the  discrepancy  does 
not  affect  the  comparative  nature  of  this  study. 

Leading-edge  roughness  effects  on  heat  transfer 

The  surface  heat  transfer  results  from  the  various 
roughened  leading-edge  conditions  (LECs)  are  shown 
with  the  undisturbed  case  in  Figs.  4  and  5.  Cylinder 
and  sandpaper  LECs  do  not  affect  the  location  of  a 
transition  onset  at  a  t/x  of  2.9  m  s“‘  [see  Figs.  4(a) 
and  5(a)],  but  the  effects  of  the  LEC  caused  the  slope 
of  the  St  distribution  in  the  transition  region  to  deviate 
from  the  undisturbed  case.  The  similar  distribution  of 


the  transitional  data  for  the  cases  with  sandpaper  at 
the  leading  edge  suggests  that  at  this  low  free-stream 
velocity,  the  maximum  roughness  height,  not  the  spec¬ 
ific  distribution  of  the  roughness  height,  has  the  most 
significant  effect  on  heat  transfer.  As  the  free-stream 
velocity  increased,  the  St  distributions  for  the  rough¬ 
ened  LEC  cases  began  to  deviate  more  and  more  from 
the  undisturbed  case.  Inspection  of  the  figures  suggests 
that  the  greater  maximum  roughness  height  produces 
greater  deviation  from  the  undisturbed  St  distribution 
for  a  given  free-stream  velocity. 

Several  features  of  the  Stanton  number  results  of 
the  cylinder  LECs  indicate  a  strong  dependence  on 
free-stream  velocity.  As  mentioned  earlier,  the  slowest 
free-stream  velocity  case  (2.9  ms"1)  exhibited  a  milder 
slope  in  the  transition  regions  of  the  roughened  LEC 
cases  than  was  seen  in  the  transition  region  of  the 
undisturbed  case  [Figs.  4(a)  and  5(a)].  The  slope  of 
the  transitional  St  distributions  for  the  030  and  0625 
cases  more  closely  resembled  the  undisturbed  case 
when  was  increased  toSms"1  [Fig.  4(b)].  In  the 
early  transition  region,  the  091  cylinder  case  exhibited 
an  unusual  deviation  from  the  undisturbed  behavior 
when  £/x  was  5ms"'.As  shown  in  Fig.  4(b),  a  distinct 
departure  from  the  undisturbed  case  began  at  an  Rex 
of  2  x  105  until  a  Rex  of  4  x  105  was  reached,  where  the 
slope  of  St  becomes  steeper  and  more  like  a  typical 
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transition.  As  shown  in  Fig.  4(c),  the  St  of  the  091 
cylinder  case  followed  the  turbulent  correlation  at 
i\  =  7  m  s'1;  however,  the  St  distribution  of  the 
0625  cylinder  case  at  7  m  s"1  [Fig.  4(c)]  exhibited  a 
dual-slope  behavior  similar  to  the  behavior  of  the  091 
case  at  5  m  s~l  [Fig.  4(b)].  Although  the  091  cylinder 
case  shown  in  Fig.  4(c)  approximately  follows  the 
turbulent  correlation,  an  unexpected  degree  of  wav¬ 
iness  in  the  St  distribution  was  observed.  The  vari¬ 
ation  in  the  measured  distribution  was  6.4%  above 
the  correlation  at  an  Rex  of  1.88  x  105  and  22%  below 
it  at  6.09  x  105.  Increasing  U*  to  12  m  s“‘,  as  shown 
in  Fig.  4(d),  caused  all  three  cylinder  LECs  to  exhibit 
similar  waviness  in  St.  In  the  upstream  region 
(Rex  <  2  x  105),  the  St  distribution  increased  and 
shifted  upwards  with  little  change  in  slope  as  t/x  and 
the  cylinder  diameter  increased.  For  the  091  cylinder 
case  at  12  m  s~‘,  the  magnitude  of  the  St  distribution 
near  the  leading  edge  was  similar  to  that  of  the  tur¬ 
bulent  St  correlation,  but  the  slope  was  almost  the 
same  as  the  laminar  correlation.  The  wavy  behavior 
observed  in  the  St  distribution  of  the  091  cylinder  case 
and  the  dual-slope  behavior  in  the  transitional  region 
of  the  0.0625  cylinder  case  are  examined  in  greater 
detail  in  subsequent  sections  of  this  discussion. 

The  St  behavior  of  the  sandpaper  LECs  (Fig.  5) 
was  similar  to  that  shown  by  the  cylinder  LECs.  The 


40  GRIT  case  at  a  C/„  of  5  m  s”1  in  Fig.  5(b)  was  the 
only  sandpaper  test  case  that  exhibited  the  dual-slope 
behavior  in  the  transitional  St  data  that  was  observed 
in  two  of  the  cylinder  LECs,  but  the  change  in  slope 
at  an  Rex  of  4  x  105  was  not  as  distinct  as  the  change 
in  the  091  cylinder  case  [Fig.  4(b)].  At  a  U*  of  7  m 
s~’  [Fig.  5(c)],  the  40  GRIT  and  180  GRIT  cases 
exhibited  laminar  behavior  until  an  Rex  of  1.3  x  I05 
and  2  x  105  was  reached,  respectively.  Then,  both  St 
distributions  began  laminar-turbulent  transition  with 
waviness  similar  to  that  observed  earlier  in  the  higher 
speed  cylinder  LEC  cases. 

Bluff  leading-edge  effect 

Smooth  tape  (0.5  mm  thick)  was  used  to  investigate 
bluff  leading-edge  effects  on  St.  The  results  at  various 
speeds  are  shown  in  Fig.  5,  together  with  the  sand¬ 
paper  LECs.  At  a  U*>  of  7  m  s’1,  the  St  distribution 
downstream  of  the  bluff  leading  edge  indicated  that 
the  onset  of  transition  occurred  at  an  Rex  of  5.3  x  105 
which  is  only  3%  earlier  than  the  onset  for  the  undis¬ 
turbed  case.  Increasing  the  Ur_  to  12  m  s~*  caused  the 
bluff  leading  edge  condition  to  induce  transition  15% 
earlier  than  the  undisturbed  case.  Compared  to  the 
deviations  induced  by  the  sandpaper  strips  at  this  free- 
stream  velocity,  the  bluff  body  effect  of  the  sandpaper 
backing  is  relatively  small. 
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Fia  6.  Boundarv  layer  profiles  of  the  0625  cylinder  case  ({/„  =  7  m  s'1):  (a)  mean  velocity  profiles 
normalized  in  terms  of  local  wall  coordinates;  U*  and  Y~,  Reynolds  numbers  are  x  10  ;  (b)  u'  distn- 

bution. 


Dual-slope  Stanton  number  behavior  in  transition 
region 

The  091  cylinder  [Fig.  4(b)],  the  40  GRIT  sandpaper 
at  5  m  s“‘  [Fig.  5(b)].  and  the  0625  cylinder  at  7  m  s"1 
[Fig.  4(c)]  all  exhibited  the  dual-slope  behavior  in  St 
between  the  laminar  and  turbulent  correlations.  Since 
this  behavior  was  not  observed  in  the  undisturbed  case 
and  was  not  previously  known  to  the  authors,  further 
study  of  the  transport  phenomena  in  the  mean  bound¬ 
ary  layer  was  needed  to  provide  insight  into  the  physi¬ 
cal  mechanisms  of  the  dual-slope  region.  Among  these 
three  similar  cases,  detailed  measurements  of  the 
boundary  layer  of  the  0625  cylinder  case  (£/x  =  7  m 
s“‘)  were  obtained.  The  velocity  profiles,  normalized 
with  respect  to  local  wall  coordinates,  are  shown  in 
Fig.  6(a).  The  streamwise  velocity  profiles  begin  to 
significantly  deviate  from  the  Blasius  correlation 
between  an  Rex  of  4.46  x  105  and  5.06  x  10s.  During 
the  wail  heat  transfer  investigation,  the  local  Stanton 
number  began  to  deviate  from  the  laminar  correlation 
at  an  Rex  of  2.88  x  10s  (referred  to  as  Rex)  and  the 
slope  of  the  St  distribution  became  steeper  at  an  Rex 
of  4.88  x  105  (referred  to  as  Re2).  The  mean  velocity 
profiles  suggest  that  the  boundary  layer  experienced 

transition  only  after  Rex  became  greater  than  Re2 . _ 

Further  examination  of  the  RMS  quantities,  u\  uv , 
and  ~vt ,  verifies  the  laminar  and  transitional  status  in 
the  dual-slope  region.  Inspection  of  the  u‘  profiles 
shown  in  Fig.  6(b)  indicates  that  the  u'  variations 
increased  in  amplitude  between  stations  3  and  6  (the 
range  corresponding  to  Rex  and  Re2)  with  maximum 
values  of  m'/£/x  ranging  from  0.038  to  0.067,  but  the 
amplitude  of  the  oscillations  was  still  pre-transitional 
{typical  maximum  u'  L7X  value:  0.15).  At  station  7, 
the  u'  j  £/x  distribution  was  relatively  constant  at  0.061 
from  a  yld*  of  0.45-0.67.  This  wide,  relatively  flat 
( ±  5%  variation)  region  was  not  present  in  the  undis¬ 


turbed  case  (see  Wang  et  al  [23]).  Furthermore,  the 
LEC  caused  the  u'  profiles  to  continue  developing  in 
the  early  turbulent  region  of  the  boundary  layer  (the 
maximum  station-to-station  variation  is  an  average  of 
8%  downstream  of  station  10),  even  though  the  mean 
velocity  profiles  indicated  fully  developedjturbulent 
flow  in  this  region  [see  Fig.  6(a)].  The  uv  profiles 
depicted  in  Fig.  7(a)  also  show  negligible  activity  in 
generating  Reynolds  shear  stress  between  stations  4 
and  6  (uv/U’  less  than  0.08),  indicating  pre-tran¬ 
sitional  flow  in  the  region  Rex  to  Rez.  Large  ampli¬ 
fications  indicative  oHransitional  flow  were  observed 
downstream  of  Re2(uv/Ut  greater  than  0.8).  Similar 
to  the  u  profiles,  the  uv  profiles  continued  to  develop 
in  the  early  turbulent  portion  of  the  boundary  layer. 
The  vt  profiles  shown  in  Fig.  7(b),  exhibit  behavior 
similar  to  uv  throughout  the  streamwise  boundary 
layer  development,  and  exhibit  negligible  Reynolds 
heat  flux  transport  in  the  region  between  Rex  and  Re2. 

The  instantaneous  velocity  signals  were  inspected 
to  provide  more  information  about  flow  behavior  in 
the  dual-slope  region.  Representative  velocity  signals 
taken  around  Y+  =  10  at  various  stations  for  the  0625 
cylinder  case  are  shown  in  Fig.  8.  The  velocity  signals 
of  those  stations  between  Rex  and  Re2  (stations  5  and 
6)  are  laminar-like  with  sinusoidal-like  oscillations. 
However,  the  velocity  traces  of  stations  7  and  8, 
which  bracket  Re2.  show  intermittent  turbulent/ 
nonturbulent  behaviour,  which  undoubtedly  indicates 
transitional  flow.  Similar  behavior  was  observed  for  a 
low-speed  40  GRIT  sandpaper  case  at  £/x  «  5  m  s~‘. 

These  boundary  layer  results  suggest  that  a  rough¬ 
ened  leading  edge  may  produce  a  pre-transitional 
region  where  the  momentum  and  thermal  transports 
in  the  boundary  layer  behave  like  laminar  flow; 
however,  the  wall  heat  transfer  significantly  deviates 
from  the  laminar  correlation. 
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(a)  (b) 

Fig.  7.  Boundary  layer  profiles  of  the  0625  cylinder  case  (Ux  =*  7  m  s'"1)  continued:  (a)  Reynolds  shear 
stress  distribution ;  (b)  Reynolds  heat  flux  distribution. 


Waviness  in  heat  transfer  data 

The  results  of  the  Stanton  number  distributions 
show  that  waviness  is  present  in  high-speed  cases  with 
roughened  leading  edges.  Inspection  of  Figs.  4  and  5 
indicates  that  rougher  leading-edge  conditions  cause 
significant  wavy  St  behavior  at  lower  free-stream  vel¬ 
ocities.  Since  the  waviness  was  not  observed  in  the 
undisturbed  case,  it  was  reasoned  that  the  waviness 
was  most  likely  induced  by  the  flow  disturbances 
introduced  by  the  roughened  leading  edge. 

The  waviness  could  also  have  been  caused  by  prob¬ 
lems  with  the  experimental  apparatus  and  the  test 
surface.  Tests  conducted  at  a  fixed  free-stream  velocity 
(15  m  s~‘)  with  varying  power  input  levels  indicate 
that  the  degree  of  waviness  was  not  a  function  of 
power  input.  In  addition,  the  test  surface  was  qualified 
by  conducting  a  convective  heat  transfer  test  in  a 
laminar  flow  with  mild  acceleration  of  K  ~  4  x  10“8. 
The  mild  acceleration  was  caused  by  the  boundary 
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Fig.  8.  Instantaneous  velocity  signals  around  -  10  at 
various  streamwise  locations  for  the  0625  cylinder  case 
(Ux  =  7  ms"1). 


layer  growth  in  a  constant-area  channel.  The  St  data 
of  this  qualification  test  matched  the  laminar  cor¬ 
relation  and  no  waviness  was  observed.  The  closeness 
of  the  match  indicates  that  the  heat  flux  out  of  the  test 
surface  was  reasonably  uniform  and  that  all  of  the 
thermocouples  embedded  in  the  test  surface  func¬ 
tioned  well.  The  energy  balance  used  to  determine  the 
St  distribution  indicates  that  losses  through  the  back 
of  the  heated  wall  were  less  than  1  %  of  the  flux  to  the 
free-stream.  Hence,  even  an  order  of  magnitude  error 
in  back-loss  calculations  would  not  have  affected  the 
magnitude  of  the  heat  flux  to  the  free-stream  to  such 
an  extent  that  could  account  for  the  degree  of  waviness 
present  in  the  Stanton  number  data.  A  more  detailed 
discussion  of  the  waviness  behaviors  is  presented  in 
Pinson  [25]. 

With  the  removal  of  the  experimental  apparatus 
and  the  test  surface  as  possible  culprits  for  the 
waviness,  it  seems  possible  that  the  observed  waviness 
could  be  the  result  of  nonlinear  instabilities  brought 
on  by  the  finite  amplitude  disturbance  introduced  at 
the  leading-edge.  These  nonlinearities  in  the  flow  con¬ 
dition  could  make  the  boundary  layer  sensitive  to 
the  minor  geometrical  variations  present  in  the  test 
section  in  such  a  way  that  the  actual  form  or  charac¬ 
teristic  that  causes  the  disturbance  becomes  unim¬ 
portant.  These  minor  surface  disturbances,  whatever 
they  are.  seem  to  be  amplified  as  the  free-stream  vel¬ 
ocity  increases,  and  they  significantly  affect  the  heat 
transfer  pattern  downstream. 

This  study  intentionally  isolated  the  effects  of  lead¬ 
ing-edge  roughness  on  downstream  flow  and  heat 
transfer  behavior,  so  the  test  surface  downstream  of 
the  leading-edge  roughness  was  made  smooth  and  flat. 
To  better  simulate  the  roughness  condition  of  an  in- 
service  turbine  blade,  further  studies  are  being  under¬ 
taken  by  the  authors  to  investigate  the  interactive 
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effects  of  leading-edge  roughness  with  the  downstream 
roughness. 

CONCLUSIONS 

A  total  of  eight  leading-edge  conditions  were  exam¬ 
ined  to  determine  their  effect  on  laminar-turbulent 
flow  transition  and  downstream  heat  transfer  flow 
behavior.  In  order  to  simulate  the  randomly  dis¬ 
tributed  roughness  located  near  the  leading  edge  of 
the  turbine  blade,  1200,  180  and  40  GRIT  sandpaper 
strips  were  adhered  to  the  leading  edge  of  the  test 
surface.  Similarly,  0.762,  1.59  and  2.31  mm  diameter 
cylinders  were  chosen  to  simulate  the  relatively  iso¬ 
lated  peak  nature  of  the  roughness  structure.  Tests 
were  also  conducted  by  using  a  smooth  strip  of  tape 
at  the  leading  edge  to  determine  the  relative  effects  of 
the  sandpaper  backing  and  the  actual  roughness  of 
the  sandpaper.  All  of  these  leading-edge  conditions 
were  compared  to  the  undisturbed  leading  edge. 

Overall,  greater  maximum  roughness  height  was 
observed  to  induce  greater  enhancement  of  the  surface 
heat  transfer  than  the  undisturbed  case.  Depending 
on  the  free-stream  velocity  and  the  distance  from  the 
leading  edge  disturbance,  the  enhancement  ranged 
from  negligible  to  200%.  At  low  free-stream  velocities 
(Ux  =  5  ms"1),  the  maximum  roughness  height  was 
the  primary  contributor  to  deviations  observed  from 
the  undisturbed  case,  irrespective  of  the  roughness 
geometry.  At  higher  free-stream  velocities,  5-7  ms-1, 
the  cases  employing  the  091  cylinder  LEC,  0625  cyl¬ 
inder  LEC  and  the  40  GRIT  sandpaper  exhibited  a 
dual-slope  region  between  the  laminar  and  turbulent 
St  vs  Rex  correlations.  Although  the  first  slope  was 
significantly  different  from  the  laminar  correlation  (as 
much  as  88%  higher),  inspection  of  the  mean  velocity 
profiles.  RMS  fluctuations,  Reynolds  shear  stress  and 
instantaneous  velocity  signals  indicated  that  the 
boundary  layer  was  pre-transitional  in  this  region. 
The  second  segment  of  the  dual-slope  St  distribution 
was  steeper  than  the  first  and  the  junction  between 
these  two  segments  was  determined  to  be  the  approxi¬ 
mate  onset  of  boundary  layer  transition.  For  greater 
roughness,  wavy  St  distributions  were  observed  at 
higher  free-stream  velocities. 

The  presence  of  the  dual-slope  and  wavy  St 
behavior  in  some  of  the  roughened  leading-edge  cases 
suggests  that  heat  transfer  is  sensitive  to  leading-edge 
effects.  In  each  situation,  the  behavior  seems  to  be  the 
result  of  nonlinear  amplification  introduced  by  finite 
disturbances  at  the  leading  edge.  These  nonlinear 
waves  tend  to  amplify  minor  disturbances  on  the  sur¬ 
face  which  propagate  downstream  in  such  a  way  that 
the  wall  heat  transfer  pattern  is  significantly  affected. 
However,  additional  study  of  both  of  these  behaviors 
is  required  before  the  mechanisms  causing  these 
behaviors  can  be  understood. 
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